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The Ii spectrum has been excited in electrodeless lamps and photographed from 655 A 
to 11084 A. Wavelengths and estimated intensities are given for almost 2,400 lines. A 
revision and extension of the earlier analyses of this spectrum has increased the number of 
known even levels from 43 to 124, and the number of odd levels from 55 to 190. New g,- 
factors are given for 46 levels, and the previous designations of 40 levels are changed. 
Improved measurements in the vacuum ultraviolet region give a correction of 7.4 em=! 
to be subtracted from the values listed in Atomic Energy Levels, Vol. 3 (1958), for all levels 
above the ground configuration. The approximately 1,800 classified lines now include all 
of the strongest lines. The 'So of the ground configuration 5s?5p* has been found, and this 
configuration has been fitted to intermediate coupling theory. Magnetic dipole transitions 
between levels of the ground configuration, *P,—!D», (7282 A) and *P;—'S» (4460 A), have 
been observed and their nature confirmed by the Zeeman effect. The line 5p‘ *P.—-!D, 
shows hyperfine structure which is in approximate agreement with a theoretical calculation 


of the expected structure. 


All previously known series have been extended and new ones found. 


New levels have been found for almost all higher configurations. 


From one of the new 


series, 5p3(4S°)5-129°G§, the principal ionization energy for I 1m (154304 +1 em-') has been 


derived. 
of cases. 


l. Introduction 


One of the purposes served by the systematic 
compilation of Atomie Energy Levels [1] ! being carried 
out at NBS is to point out inadequacies in the 
existing analyses of atomic spectra. The work 


reported here was partly stimulated by the need 


revealed under the scrutiny of this program for new 
observations and analyses of the iodine and bromine 
spectra. Another reason for our interest in these 
particular spectra is that iodine and bromine are the 
halogens most frequently used in the electrodeless 
metal-halide lamps [2] developed in this laboratory. 
These lamps have proved to be excellent sources of 
metallic spectra. We have also found that the 
electrodeless lamp gives a strong pure iodine spec- 
trum when used as described below. Since the 
spectrum of the halogen contained in a metal-halide 
lamp appears along with that of the metal, the user 
of these lamps needs a complete and accurate 
knowledge of the iodine and bromine spectra. The 
present or recently completed work of this laboratory 
includes new descriptions and analyses of the first 
and second spectra of both iodine and bromine. 

The spectrum of singly ionized iodine has _pre- 
viously been analyzed by P. Lacroute [3] and by K. 
Murakawa [4]. The results of their work, together 
with some preliminary revisions and extensions made 
possible by the new observations reported here, are 
given in Atomic Energy Levels (AEL), Vol. II]. Our 
observations are superior to earlier measurements in 
being more complete (particularly in the vacuum 
ultraviolet region) and more accurate. Also impor- 
tant is our ability to distinguish better between the 
first and second spectrum. 


! Figures in brackets indicate the literature references on page 452. 





The results of the analysis are compared with theoretical expectations in a number 


2. Observations 


The sources for the spectrum in the region 2000 to 
11000 A were electrodeless lamps made from 5-mm 
i.d. quartz or vycor tubing about 10 cm long with a 
hemispherical window blown at one end and a side 
arm attached. These were thoroughly evacuated 
and outgassed. and a few crystals of iodine distilled 
into them before sealing off. The discharge was 
excited with the Raytheon Microtherm microwave 
generator which operates at 2,450 Me with 125-w 
output. We made all observations with the lamp 
end-on except when Zeeman patterns were photo- 
graphed. The spectra were dispersed with gratings 
having 30,000, 15,000, and 7,500 lines per inch, each 
mounted in parallel light to give stigmatic images. 
From 2000 to 2400 A the plate factor was 2.2 A/mm, 
from 2400 to 4400 A, 1.0 A/mm; from 4400 to 9000 
A, 2.0 A/mm; from 9000 to 10400 A, 5 A/mm; and 
from 10400 to 11100 A, 10 A/mm. 

Most of the wavelength values given in table 10.1, 
the line list (sec. 10, Appendix), are averages of 
measurements made on more than one plate. The 
intensities are visual estimates, meaningful only for 
lines in the same spectral region. Almost all of 
the stronger [11 lines show hyperfine structure under 
high resolution. Where the structures were com- 
pletely or partially resolved, we measured the indi- 
vidual components. With few exceptions, however, 
only the weighted average of the component wave- 
lengths is given in table 10.1. The intensity given 
for such a line is the sum of the estimated component 
intensities. Murakawa [4, 5] has observed inter- 
ferometrically the hyperfine structure of a number 
of I 11 lines. 

Because of the line-broadening due to structure, 
the wavelength measurements here are not as 
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accurate as one might wish. However, the dis- 
agreement between the observed wavenumbers and 
the corresponding differences of the ‘‘best’’ values for 
the relevant energy levels is usually less than 0.1 
cm”! for lines in the region above 2500 A. 

When the iodine in the side arm of the discharge 
tube was kept at 30° C, corresponding to about 1-mm 
vapor pressure, most lines of the first spectrum 
appeared in the discharge, with only the strongest 
lines of Ii showing. As the temperature was 
lowered, the second spectrum increased in intensity 
until it became stronger than the first spectrum. 
The discharge ceased at about —28° C, when the 
pressure was between 10°? and 10°? mm Hg. We 
were able to assign most lines to the proper spectrum 
by including on every spectrogram these four spectra 
in juxtaposition: iron arc, “high” temperature 
(20 to 30° C) iodine spectrum, “low” temperature 
(~-25 °C) iodine spectrum, and iron are. 

This procedure leaves the origin of some of the 
weaker lines doubtful for two reasons: the weaker 
11 lines appear in the low pressure discharge but not 
at the higher pressure, while the I 11 spectrum is also 
faintly excited at low pressures. The latter observa- 
tion was surprising, but a comparison of the intensi- 
ties in our list with those given by observers [8, 6, 7| 
of rather high energy discharges in iodine vapor 
leaves no doubt that our low pressure source gives 
the strongest I1im lines weakly. However, we 
believe that by this comparison we have eliminated 
the I 111 lines from the list. Those unclassified lines 
above 5000 A which have intensity less than 50 com- 
prise practically all the remaining lines of doubtful 
origin. These lines may belong to either the first or 
second spectrum. 

We have observed the Zeeman effect in a field of 
about 37000 gauss for most of the strong I 1 lines in 
the region 4000 to 9000 A. The technique is 
described by Kiess and Corliss [8]. Zeeman patterns 
obtained from these observations are given in table 
10.2. 

The spectrum was dispersed in the region 584 to 
2000 A by a 2-m radius concave grating of 30,000 
lines per inch ruled directly on pyrex. This grating, 
which was ruled under the direction of R. W. Wood 
at Johns Hopkins, was originally mounted in a 
vacuum spectrograph by K. T. Compton and J. C 
Boyee [9]. W. R. Bozman has designed a new 
housing for the grating and plateholder of the old 
instrument. It consists primarily of a cylindrical 
section of steel pipe 75 cm in diameter and 210 em 
long fitted with aluminum end covers which are 
sealed to the m: iin tube by means of O-ring flanges. 
The slit is contained in a side tube. The optical 
arrangement essentially that of Compton and 
Boyce except that the angle of incidence has been 
decreased slightly to about 13.1° to give the normal 
spectrum at 1920 A. The plate factor is 4.26 A/mm 
at the normal and the plateholder covers the range 
0 to 2570 A in the first order. The height of the 
plateholder is adjustable externally so that several 
different exposures may be made on one plate. 


”” 


is 


We mounted a glass discharge tube end-on to the 
slit housing by means of an O-ring seal. After a 
side tube was charged with iodine, the lamp was 
evacuated and excited described above. The 
slit of the evacuated spectrograph was open directly 
to the light from the discharge. We used Eastman 

SWR plates below 1400 A and Ilford Q-2 plates in 
| the region above 1400 A. The te} order spectrum 
was vere from 500 to 2500 A; and from 800 to 


as 


1200 A all but the weaker lines were measured in 
the second order. Most lines were measured three 
or four times. Calculated wavelengths of lines in 


the I 1 spectrum [8] served as the principal standards 
in the region 1200 to 2060 A. Lines of helium, 
oxygen, nitrogen, and carbon also were used for 
standards. Some bands, due principally to carbon 
monoxide, appeared on the spectrograms. 

Lines of bromine were found on all our vacuum 
region plates. The existing measurements of the 
bromine spectra were not complete enough for the 
elimination of these lines from our list. We have 
_ excited, photographed, and measured the Bri and 
| Bri spectra in the vacuum ultraviolet. Analyses 
of these spectra are underway in this laboratory and 
will be reported later. 


We have obtained averaged values of the Ir 
5p* ground-configuration energy levels relative’ to 


the lower odd levels by using ‘the measurements of 
lines from 1100 to 1300 A. These odd levels are 
known relative to each other with good accuracy 
from measurements above 2000 A. We then caleu- 
lated the wavelengths of all singly-classified lines 
observed in the vacuum ultraviolet. Since these 
wavelengths are on a consistent scale and the Im 
spectrum is fairly rich below the I1 limit (1200 A), 
we have thought it worthwhile to give these caleu- 


lated wavelengths in table 10.1. Together with 
the L1 wavelengths above 1200 A they comprise 


a consistent set of wavelengths over a large part of 





the vacuum region and should prove useful in re- 
ducing low- and medium-dispersion plates obtained 
| with metal iodide lamp sources. <An_ estimated 


uncertainty in the calculated Tir wavelengths of 
+0.005 A at 1100 A gives +0.002 A at 665 A, where 
the first calculated lines occur. The new I  wave- 
lengths in the vacuum ultraviolet region yield, for 
the energy levels above those of the ground configura- 
tion, values which are 7.4 em less than the cor- 
respondirg values given in AEL. 


3. Ground Configuration 


The 5s? 5p* ground configuration of singly ionized 
iodine gives the Russell-Saunders terms *P, 1D, and 
1S, as shown in table 1. The energy levels for these 
terms are listed in table 10.3, which includes all 
presently known even levels for I11. Lacroute’s 
values for *P;, *Po, and 'Dso are about 3 em too 
high relative to the ground state *P,. The level he 
| designated IS, is not real. In the three atoms for 
| which the configuration 5p* is known (Te 1, I 11, and 
| Xe ws) one finds good agreement with intermediate 


444 


TABLE 1. Predicted terms of Iu 


Configuration Predicted terms 
5s? Spt 3p D is 
3p? Pp? 
5s 5ps 
7 np nd nf ng 
n>6 n>6 n> n>4 n>5 
dj is 5p D iF 5G 

iia \ 3s 3p IDS 3F Te} 

: D , I (PDF) | ((SPDFG) (PDFGH) |3(DFGHI) 
ail sb _ I (PDF) | \((SPDFG) (PDFGH) | '(DFGHY) 
se2 Bn3(2P°) nr” |f *P (SPI (PDF) (DFG) 3(FGH) 
Pama " \ Ip (SPD (PDF) (DFG) i(FGH) 


coupling theory. Robinson and Shortley [10] have 
calculated the coupling parameters for 5p* in these 
atoms by making *P;, *P2, and 'D—*P, exactly fit 
the theoretical curves given in Condon and Shortley 
(11], p. 301, and reproduced in figure 1. This 
method gives a good fit for all levels except 'So which 
lies too high in all three (The position for 
Lit S5p*'So in figure 1 of reference [10] must be 
correc it since only the incorrect value of Lacroute 
was available to Robinson and Shortley—this re- 


cases. 


duces the disagreement to about one third of its 
former value.) As Robinson and Shortley point 
out, this does not mean that 'So is perturbed—an 


We have 


interaction would push the term down. 
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The levels of 5p‘ for three atoms fitted to theoretical 
intermediate-coupling curves. 


FIGURE 1. 


calculated the parameters by the method Condon 
and Shortley originally used for Te 1, ie., by =e: 
Fi the mean of 1D, and °P., and the me an of ! 

and °P> fit exactly. This brings 'Sp down to ex- 
cellent agreement while leaving the value of 
x='s¢,/F2 (see Condon and Shortley for notation) 
essentially une ‘hanged in all cases, but the agreement 
of the J=2 levels is not as good as in Robinson and 
Shortley. As a compromise we have averaged the 
values of the parameters obtained by these two 
methods. The results are given in table 2 and the 
corresponding values of the observed energy levels 
are plotted in figure 1, again making *P, fit exac tly. 
Since the Landé, Slater, and coupling ratios all are 
functions only of the parameter x the good agree- 
ment obtained for them by Robinson and Shortley 
retained here. The new 'S term makes the 
agreement of the observed Slater ratio (S—'D)/ 


is 





| 
| 
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TABLE 2. Intermediate-coupling parameters 


and predicted 


level positions for the 5p* configuration in Te1, Im, and 
Xe III 

Ter Iu Xe 11 
x='4¢,/Fe 0. 684 0.844 | 1.004 
em-! cm"! em-! 
(5p) 4091) 5930 8180 
F (5p, 5p) 1195 1405 1630 
3P, { pred. 171 - 220 480 
“lobs. 0 0 0 
3p f{pred. (4751) (7087) (9795) 
'Lobs. 4751 7087 9795 
3P, fpred. 1697 6325 7878 
lobs. 1707 6448 8131 
ID om 10708 | 13929 | 17580 
\obs. 10559 | 13727 | 17100 
ie fpred. 22731 28924 | 36162 
*°Lobs. 23199 29501 37398 


(‘1 D—P,) in Ii (1.481) with the theoretical value 
(1.365 for x=0.844) about the same as in Ter and 
better than in Xe m1. 

The eigenvectors of the two second-order energy 
matrices for p* in intermediate coupling, for J=0 


and J=2, respectively, are functions of x only. By 
cale ulating these eigenvectors and squaring the 


‘ach, one obtains the percentage com- 
position of each level of a given J in terms of the 
pure Russell-Saunders leve Js of that J. The results 
of this calculation for x=0.844 (Ii 5p*) are that 
'D, and *°P, have 90. 3 percent Russell-Saunders 
purity (i.e., they are 9.7% mixed), while the purity 
for 'So and 3P) is 83.5 percent. Hence the LS 
designations assigned these levels are not without 
some meaning. 


i nec of 


4. Magnetic Dipole Transitions 

“Forbidden” transitions between pairs of levels 
belonging to the p‘ configuration have been observed 
in laboratory sources of the spectra Or (the aurora 
line at 5577 A, 'So—'D.), Ser [12], Ter [13], Xeim 
[14], and Por [15]. We have found two such transi- 
tions in I 1: 5pt*P,;—'Sp (4460.185 A) and 5p**P,— 
1D, (7282.83 A). A diagram of the ground con- 
figuration levels showing these transitions is given in 
figure 2. The observed wavenumber of each line is 
that predicted by the separation of the relevant 
levels as determined from lines in the vacuum ul- 
traviolet. The transition probabilities as derived 
from magnetic dipole strengths tabulated against x 
by Shortley et al. [16] are 99 sec™' for the line at 4460 
A, and 9.1 sec”! for the line 7282 A (x=0.844; both 
lines have zero transition probability in pure Russell- 
Saunders coupling, where x=0). Of course the 
observed intensities in table 10.1 have no absolute 
meaning, and for these two lines in different spectral 
regions do not give even relative experimental 
intensities. Both transitions appear much stronger 


445 


























30 f- 1 
= 
25 
4a Im 5p* 
wo 
= = 
a ° 
© 
_— vv 
v 
20 - ~ 
ie wo 
N 
a = 
La N 
@ 
KK I5 ~ 
— «< ! 
D, 
10 
oe *P, 
3 
& a 
5 = 
OL. *P, 











Figure 2. Two magnetic dipole transitions observed in L 11. 
in the high pressure (I 1) discharge than with low 
pressure (I 11) excitation. This first spectrum char- 
acter is not surprising since these transitions occur 
between levels which are series limits for the I1 
spectrum. The levels lie about 100,000 cm™' above 
the I 1 ground state, while the excitation energy for 
any I 1 line in this region is almost twice that amount. 
In his note on the xenon spectra, Edlén [14] mentioned 
that such lines were at first experimentally referred 
to the next lower ionization than that to which they 
actually belonged. 

The line at 4460 A is pure magnetic dipole radi- 
ation, and its classification was made certain by the 
transverse Zeeman effect observation shown in figure 
3. <Aiter the line had been classified, a search 
through the Zeeman data of Kiess and Corliss yielded 
this pattern. In a field of about 37,000 gauss the 
line splits into a triplet with separation of 1.51 
Lorentz units (L.U.). But the unshifted perpen- 
dicularly polarized component and the symmetrically 
displaced parallel components form a pattern that 
is the inverse of the other triplets appearing in the 
figure, and can arise only from a magnetic dipole 
transition. The derived g,-value for 5p**P, is, of 
course, 1.51. By observing the Zeeman effect for the 
analogous transition in Pb 1, 6p? *P;—'So at 4618A, 
H. Niewodniczanski [17] gave the first definite 
experimental proof for the occurrence of magnetic 
dipole radiation in atomic spectra. 
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FIGURE 3. Microphotometer traces of an iodine spectrogram 
showing the transverse Zeeman effect in the region near 4460 A, 


The “upside-down” Lorentz triplet observed for the Ii line at 4460.185 A is 
definite proof of its magnetic-dipole character. 


The resolution obtained in the first order spectrum 
with a grating of 30,000 lines per inch was sufficient to 
resolve partly the hyperfine structure of the line 
5p? §P,—'D, (7282 A), as shown in figure 4. There 
seem to be three or four components on our plates, 
though only one is well resolved from the rest. In 
order to compare the observed structure of this line 
with theory, we have calculated the hyperfine 
splittings of the 5p**P. and 5p*'D, levels in I”? 11. 
The required constants were taken as_ follows: 
nuclear spin=5/2, nuclear magnetic moment =2.81 
n.m., nuclear electric quadrupole moment = —0.62 
10°-** em? [18]. The formulas of Goudsmit [19] and 
Casimir [20] give the magnetic splitting factors, 
A(J), and the electric quadrupole factors, B(J), 

° rl’ , . ° 
respectively. Trees [21] has published convenient 
general expressions for evaluating these formulas. 
We have also taken the effects of intermediate 

“ll ots —s 
coupling into account. The calculated splittings are 
A(P,)=0.033 em~, BCP.) = —0.00017 em=!, A('D») 
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Figure 4. Microphotometer trace showing the hyperfine 
structure of the forbidden line 5p*3P2.—'!D». at 7282 A. 
The theoretical relative intensities and calculated positions of the components 
of this pattern are also indicated. The position of the trace with respect to the 
zero of the wavenumber scale is arbitrary. 
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—(0.078em~!, BC’ D,)=0.00042 em=!. If it is assumed 
that 5p* *P,—'D, is predominately a magnetic dipole 
transition, the same intensity ratios as for electric 
dipole radiation should apply to the hyperfine com- 
ponents [22, 23]. The ‘theoretical’? hyperfine pat- 
tern in figure 4 is based on this assumption and the 
calculated splittings. In view of the approximations 
made in the theory, the agreement of the calculated 
and observed patterns seems satisfactory and may be 
regarded as a confirmation of the suggested origin 
of this line. 

Since the Zeeman effect for a forbidden line show- 
ing hyperfine structure has rarely been observed, 
three separate several-hour exposures were made 
especially to obtain the magnetic splitting of the 
line 7282 A in a field of 35,500 gauss. A micro- 
photometer tracing of one of the Zeeman patterns 
obtained is shown in figure 5. Assuming the calcu- 
lated intermediate coupling gj-values of 1.451 for 
5p**P. and 1.049 for 5pt'D», one obtains the calcu- 
lated Zeeman-component positions given in table 
3. The observed values, which are averages for 
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Figure 5. Microphotometer traces of the transverse Zeeman 


pattern for the line at 7282 A. 


The spectrogram from which these traces have been made was obtained with the 
source in a field of 35,500 gauss. In order to locate the Zeeman components with 
respect to the undisplaced hyperfine pattern, an exposure with the source in zero 
magnetic field was also made on this spectrogram (not shown). The zero of the 
above Lorentz unit scale is taken at the same position, relative to the observed 
hyperfine pattern of figure 4, as the zero of the wavenumber scale in figure 4. 
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TABLE 3. Zeeman effect for the forbidden line at 7282 A 

The observed component positions are average values from 3 patterns obtained 
with a magnetie field of about 35,500 gauss. Only half the pattern is given since 
the centers of gravity of any two corresponding components were, within the 
errors of observation, located symmetrically with respect to the zero of the mag- 
netic displacement scale in figure 5. 


m-compo- | Theo- 
nents retical | Calculated | Observed | Calculated 
M;(' D2) — | relative position position | total 
M;(3P») inten- width 
sity 
| 
2-1 2 10. 647 L.U. 0. 615 em-! 
1—0 3 1. 049 1.042 L.l 4 390 
0-1 3 1. 451 1. 459 |. « 166 
1-2 2 1. 853 1. 86 . 060 
o-compo- 
nents 
1-1 2 0. 402 L.U. |0. 393 L.U. | 0 225 cm7! 
2-2 8 . 804 . 808 . 450 


measurements of the three patterns, are also given. 
The agreement of calculated and observed positions 
and the reversal of the respective polarizations from 
those expected for an electric dipole transition are 
definite proof of the origin of this line. The average 
values of the g,-factors derived from the measured 
patterns are 1.457 for *P. and 1.046 for ‘Dy. 

A broadening due to unresolved hyperfine struc- 
ture is apparent for most of the components in 
figure 5. Since the splitting of either level by the 
external magnetic field is here several times larger 
than the zero-field hyperfine splitting, the formula 
for the Back-Goudsmit case [24] should give a fair 
approximation for the total energy of each magnetic- 
hyperfine state. This formula predicts a splitting 
of each Zeeman component into 21+1=6 equally 
spaced hyperfine components. The expected over- 
all width of a given Zeeman component due to this 
structure can be obtained from the previously cal- 
culated values of the hyperfine splitting factors for 
the two levels (see above) and the standard formula 
for the Back-Goudsmit effect [24]. These calcu- 
lated widths are given in table 3. Neglecting for 
a moment the observed asymmetries, one can see 
that the general features of the pattern are in accord 
with these widths. In particular, what might at 
first be taken as large deviations from the predicted 
relative intensities of table 3 can probably for the 
most part be explained as effects due to the different 
widths. For example, the appearance of the dis- 
tinct and relatively narrow z-components at +1.85 
L.U., as contrasted with the barely observable struc- 
tures at +0.65 L.U.—-where components with the 
same total intensities as those at +1.85 L.U. should 
occur—is, no doubt, due principally to the fact 
that the predicted overall width of the innermost 
components is 10 times that of the outermost com- 
ponents. Since the additional broadening of all 
components due to Doppler and instrumental effects 
has not been considered, the calculated widths of 
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table 3 should be taken only as indicative. Previous 
experience with uncooled electrodeless lamps excited 
as described above indicates effective gas tempera- 
tures of 4,000 to 8,000 °C when the lamp is in a 
strong magnetic field. At these temperatures the 
Doppler width of each transition contributing to 
one of the Zeeman components of 7282 A is com- 
parable to the “total width” of table 3 for the nar- 
rowest components (0.06 em~). 

The asymmetries, with respect to total width and 
peak intensity, observed between members of the 
symmetrically positioned pairs of components in 
figure 5 are confirmed on the other two Zeeman 
spectrograms of this pattern. The complete Back- 
Goudsmit effect would divide each Zeeman com- 
ponent into six equally intense components without 
altering the overall symmetry of the usual Zeeman 
pattern. It seems likely that the asymmetries are 
caused more by deviations from the intensity rule 
for the Back-Goudsmit case than by the remaining 
asymmetries in the level positions. With the pres- 
ent resolution, no significant asymmetries in the 
positions of the centers-of-gravity of corresponding 
components are observed. 

The line *P,;—'D, is allowed in electric quadrupole 
radiation as well as in magnetic dipole radiation. 
Although it is certain that 7282 A is almost pure 
magnetic dipole in character, it might be possible 
to deduce from a symmetric Zeeman pattern a slight 
admixture of electric quadrupole radiation in the 
line. This was done for a similar transition, 6p? 
°P,—'D, in Pb1, by Jenkins and Mrozowski [25]. 
These investigators also were able to confirm an 
interesting ‘‘interference” effect [23] between the 
magnetic dipole and electric quadrupole radiation 
in this line. An application of this type of analysis 
to the pattern in figure 5 does not appear feasible 
because of the asymmetries due to hyperfine struc- 
ture. It is possible that a detailed calculation of 
this pattern by use of the formulas for the ‘‘inter- 
mediate field”? case would be worthwhile. 


5. Higher Even Terms 


The higher terms of I m are of three types, ac- 
cording to whether the parent term in I ur is 5p° 
4S°, ?D°, or ?P°. As shown in table 1, these are 
denoted by affixing to the valence electron no prime, 
one prime, or two primes, respectively. 
ingful analysis exists for I 1m, but one can esti- 
mate the positions of 5p??D and 5p*?P from their 
positions in Sbr and Tem. The result is that 
the *Dyis,o15 levels should lie about 12,000 and 15,000 
em~', respectively, above 4S, and the ?Piz,1, at 
approximately 25,000 and 30,000 cm™', respectively. 

We have indicated in our discussion of 5p' the 
extent to which Russell-Saunders designations are 
meaningful for that configuration. For many of 
the highe r levels such designations have considerably 
less meaning. The overlapping of the “terms” 
belonging to a given configuration and parentage 


signifies the usual heavy-atom departure from 
Russell-Saunders coupling, and makes the L-S 


naming of some of these higher levels little more 
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Earlier investigators found the levels of the even 
groups (4S°)6p, ?D°)6p’, and (48°)4f. Transitions 
from these levels to lower odd levels are responsible 
for the strongest I 1 lines in the air region. The 
intensities of the 5d—4f transitions indicate that the 


strong line at 2993.866 A is due to 5d *D,—4f °F, 
This requires that the designations of the levels 


previously called 5d *D} and 6s’ *D} be interchanged, 
as well as those of 4/ °F, and 6p’’ *D.. Murakawa 
[4] noted that the *D} levels were almost. indistin- 
guishable, and Lacroute [3] mentioned ‘l’analogie”’ of 
the J=2 levels involved. Neither of these authors 
had available a complete line list with a uniform 
intensity scale. We unfortunately did not notice 
Murakawa’s incorrect designation of the 4f levels as 
5f—an error retained by Lacroute—until after the 
publication of AEL, Vol. III. Our measurement of 
these strong multiplets has resulted in some designa- 
tion changes. While some configuration mixing un- 
doubtedly takes place for each of these pairs, the 
intensities of most of the other combinations of these 
levels confirm our changes. In the next section it 
will be shown that the present choice of 6s’ *D{ is 
supported by theory. The relative position of the 
level here designated 4f*F, is supported by the 
position of *F, in the newly-found 5f configuration. 
Also on the basis of our intensities and g-values, we 
have reversed Murakawa’s designations of the pairs 
6p’ °F, 27D; and 6p’ 'P,, *Di. 

The 7p *’P levels, all of which have been found, 
overlap the 4f levels but do not make as strong 
combinations. The level 7p*P; was previously 
known. 

The terms of (?P°)6p’’ are now complete. Lacroute 
gave five of these levels correctly, although the level 
he designated 6p’’ y; has a J-value of 2. As noted 
above, his 6p’’ *D, fits better in the 4f configuration. 
We assign his 6p’’ *P, to 6p’’ 'D.. The 6p’’ group 
overlaps both the 4f and 7p levels. From the line 
intensities it appears that the 4f levels and 7p °P3 are 
relatively pure, while most of the remaining levels 
of 7p and 6p”’ are configuration-mixed. 

The analysis has yielded all but two of the levels 
arising from 4f’ and 7p’. Since these groups overlap 
and mix, any individual assignment to configuration 
and Russell-Saunders designation at best represents 
only the principal contribution to a complete descrip- 
tion of a given level. Lacroute found five of these 
levels, assigning them to 7p’. We have assigned all 
but one of these to 4f/’.. Four other levels listed by 
Lacroute for 7p’ are not real. 

All the levels of the complete 5f configuration are 
new except °F;, which was given by Lacroute as 
7p’ *P;. Most of the levels of nf are now known 
through n=8. Four levels are assigned to 9f—three 
of them tentatively—on the basis of series regularity. 

The level given in table 10.3 as 8p *P, was errone- 
ously assigned a J-value of 3 in the AEL table, while 
Sp *P; was given by Lacroute as 7p’ *D,. The 8p 
levels fall amongst those of 4f’ and 7p’, but the 


sv 
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present designations seem most likely on the basis of | 


combination intensities and series considerations. 


A group of 13 higher even levels which may belong | 


to any of four configurations, as shown in table 10.3 
have been given only numerical designations. 


6. Odd-Parity Configurations 


Table 10.4 is a complete list of the presently known 
odd levels in Iu. The terms of 5s5p*, 5p3(48°)6s, 
(S°)5d, and ?D°)6s’ were previously known. The 
5p°®, 6s, and 5d configurations are probably mixed, 
but the new intensities leave no doubt that Lacroute’s 
designations for 5p® Pp) and 5d °Dj) must be reversed. 
The resulting new position of 5d *D, is confirmed in 
the 6d configuration. 

A comparison of the predictions of intermediate 
coupling theory for ps with the experimental results 
for a number of rare-gas type atoms is made in the 
book of Condon and Shortle vy ({11], 304). It 
seems of interest to make this comparison for the 
known examples of sp® which exhibit intermediate 
coupling to a significant extent. There are only three 
of these, and the results for them are shown in table 
4 and figure 6. The levels for Kr m1 4s 4p° and Xe 11 
5s 5p? were fitted to the intermediate coupling for- 
mulas in Condon and Shortley by the method used 


TaBLe 4. Intermediate-coupling parameters and predicted level 
positions for the configuration sp* in three atoms 
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Observed levels of sp* for three 
intermediate-coupling curves. 


FIGURE 6. atoms fitted to 


the parameter x is chosen so that the levels 
J=0,2, and the mean of the two levels of J=1, fit 
the theory exactly. The value of x chosen for I 1 
5s 5p® gives a somewhat better fit than is obtained 
by the Condon and Shortley method. Still, the 
fit for I 11 is not as good as for the other two atoms. 
Interaction with either 5d 8D) or 6s’ *D}, or with 
both, probably causes the apparent depression of 
5p®*P, in Io. In any case this calculation definitely 
supports the designation change for 5d ‘D> and 
5p® *Po me ‘ntioned above. The other known. cases 
of sp*, in Cl 1m through Se vi of the S 1 isoelectronic 
sequence, are quite close to L-S > coupling (x<.0.1). 

The level adopted here for 5p° ’P) in Xe m1 is 
listed as 5d ®Dj in AEL, Vol. ITT. The analogy with 
I wm and Kr rr leaves little doubt that our ‘change 
should be made. The three combinations [26] on 
which the level is based were not sufficient to de- 
termine its configuration unambiguously. Hum- 
phreys’ [26] level for 5p° *P) in Xe m1 would seem 
questionable; it is far lower than the expected po- 
sition of 5d °Do, the only other possible designation. 
The known levels 5d *D3., of Xe 1m agree with 
the order found in I nm. 

A diagonalization of the energy matrix in inter- 
mediate coupling for the configuration 5p* 6s in I m 
has increased our confidence in the configuration 
and parentage assignments made here for all the 
known odd levels based on 5p? ?D° and 5p* ?P° 
parents. The matrices of the electrostatic and 
spin-orbit interactions for sp® are given on pages 
199 and 268, respectively, of Condon and Shortley 
[11]. The value of F,(5p,5p) used in our calculation, 
1425 em~', was obtained from the relation 6F,=*P} 
3D for sp*. It is supported by the value of F, 
for the 5p* configuration given above, 1405 em™. 
If one knows F, and the levels of either J=2 or 
J=1, the value of G,(6s,5p) may be obtained from 
the diagonal-sum rule. At the time the value of 
G, adopted here (1000 cm~!) was chosen, however, 
it was based on values obtained from the equaaan 


there: 


5p®(*S°)6s (S;—*S,;)=4G,. This gives G,=952 
em for Im and i 1035 em for Xe. By 
carrying out the calculation for G,—500, 1000, 


and 1500 cm7! we rings assured ourselves that the 
intermediate value is very close to the ‘‘best” value 
for fitting the observed levels. The other parameter 
needed for the calculation, ¢,, was taken to be 
5930 cm7!, as in the 5p* configuration. 

The calculated energies and g,-values for the 
levels of 5p*6s are given in table 5, together with 
the observed values. An exact fit is assumed for 
the *D>j and *P5 levels. The average deviation of 
the predicted and observed values, 322 em7', seems 
reasonable for a calculation neglecting configuration 
mixing. Table 6 gives the calculated composition 
of the levels of J=1 and J=2 in terms of pure 
Russel-Saunders states. 

It will be seen that the aforementioned designation 
of the level at 9482 5 em7! as 6s’ 3D}, instead of the 
level at 92133 em™, is supported by this calculation. 
The indicated Sabana of 6s’ *D{ is in the direc- 
tion to be expected if it is caused mainly by inter- 


449 








Predictions of intermediate-coupling calculation for 
[ir 5p* 6s compared with observation 


TABLE 5. 


The parameters were taken as follows: ¢(£p) =5930 cm-!, Fo(5p,5p) =1425 a 


and Gi(6s,5p) =1000 em-! 


Designation Predicted Observed Difference | Predicted | Observed 


position position GJ Gs 

6s §S5 81176 cm- §1033 cm-! 143 cm 1. 9F 1.95 
6s 3S} 84862 84843 19 a a7 1. 753 
6s’ 3D 94096 94825 —729 o 703 0. 653 
6s’ D5 94103 93691 412 1, 235 1.16 
6s’ 3D (96651) 96651 0 1. 333 1.36 
6s’ IDS5 98035 97701 334 1. 048 0. 996 
6s’’ 8P5, (105201) 105201 0 

6s8’’ 3Pj 105749 106103 —3F4 1. 383 

6s’’ 8P5 110015 110459 —444 1. 420 1. 36 
fis’’ 3P 111173 111962 —789 1.037 


TABLE 6. 
Tir 5p'6s 


The composition of each level is given in the column under its assigned designa- 
tion. 


6s 585 6s’ 3D 6s’ 1D 6s I 
6s 583 91.7 4.5 0.3 3. 6 
6s’ 3Ds 0.8 65. 6 22. 5 i. 1 
6s’ 1D3 0.4 13. 75. 6 10. 2 
6s’ *P3 fa | 16. 2 1.6 75. 

68 2S) fs’ 3D 6s" 3P5 68" 1P% 
6s 385 87. 4 4.9 0). 2 4.6 
6s’ 3D§ 3. 0 80. 1 0.8 16. 0 
6s’" 3PF 3. 6 4.9 1 ae 14. 4 
6s’’ IP 6.0 7.1 21.9 65. 0 


action with 5d*D;. The other ambiguities resolved 
by this calculation were between the 5d’ and 5d’’ 
levels on the one hand and those belonging to 6s’’ on 
the other. As between the 5d’ and 6s’’ groups, the 
present assignments are in general supported by the 
relative intensities of combinations of levels belonging 
to these configurations with levels of the distinct 
6p’ and 6p’’ groups. 

The intensities would not have served, however, 
to distinguish the 6s’’ levels from those of 5d’’. The 
assignments of the two levels 5d’’ 'D, and 5d’’ *D; 
may be considered questionable, since the former is 
well below a level of J=2 assigned to 5d’ and the 
latter is near the level designated 5d’ '!F3. However, 
these assignements fit in “with the other levels of 
J=2 and J=: each parentage group better 
than any other arrangement. The 5d’ group is now 
known except for one level of J=5, and only °F, 
lacking in the 5d’’ group. 

The sorting-out of these lower odd levels, together 
with an approximate knowledge of the various series 
limit positions which they approach, have enabled 
us to assign definite configuration and parentage 
designations to the complex group of 91 odd levels 
between 118074 em@! (5d’*P}) and 145837 em™! 
(205,:). Only eight of he levels expected in this 
region are missing, four of them from 9d°’D°. The 
levels of 6d °°D° and 7s °°S° were previously known 
and correctly identified. About 15 other previously 








Calculated percentage compositions for the levels of 


{ 


listed higher odd levels are included in this analysis, 
usually with a changed designation or a new assign- 
ment to a definite configuration. 

It is interesting to note that the smallness of the 
‘:D:—D, intervals in the 7s’ and 8s’ terms (2.37 and 
36.12 em~!, respectively) is in accord with the 
theoretical predictions for the corresponding levels 
of 6s’. In table 5 the predicted positions of 6s’ *D{ 
and *Ds are both very near 94100 em7!. The large 
observed separation of these levels, 1134 em™!, is 
apparently due to perturbations in opposite directions 
for the two levels. 

We have assigned 15 levels to the 6d’ group, but 
there is really no good basis for giving them term 
designations ; hence they are listed numeric: ally. 
The Russell-Saunders designations given the 5d’ 
and 5d’’ levels probably should not be taken as more 
than suggestive, but the names given here fit the 


observed combinations — better ‘than any other 
arrangement. 7 
The levels of the newly-found (S°)ng °’G° terms 


in table 10.4 are based on combinations with 4f °3F 
and, in the case of the higher series members, with 
5f°8F. Although we have assigned multiplicities to 
the ng levels on ‘the basis of these transitions—inter- 
combinations are definitely weaker than intrasystem 
transitions—it is clear from figure 7 that these levels 
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FIGURE 7. 
The ordinate scale on the left applies to the 5g levels, the higher levels being 
plotted according to the scale on the right. The Russell-Saunders designations 
for these levels may be obtained by comparing this figure with the level values 
given in table 10.4. 
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do not fall into the triplet-quintet pattern of Russell- 
Saunders coupling. The numbers under “K’’ in 
this figure refer to pair-coupling [27]; they are the 
four possible results of adding the orbital angular 
momentum of a g-electron to the J of the parent 
‘S); level. While these levels certainly do not show 
good pair-coupling, it seems probable that this 
notation describes the observed structures better 
than the L-S scheme in table 10.4. 

Each ng triplet level is paired with a quintet level 
in the three higher “pairs” of figure 7. In the 
known I ir terms of the type (*S°)nd °L, *L, where /= 
p, d, f, or g, a characteristic partial inversion of levels 
occurs except in np °P. (Both of the known terms 
6p, 7p,°P show large deviations from the Landé 
interval rule in the direction of partial inversion.) 
However, this deviation from  Russell-Saunders 
structure is compounded by overlapping of the 
triplet and quintent terms only in the (*S°)ng groups. 
Even the (S°)nf °F terms are well above the corre- 
sponding quintets. 

It would seem from figure 7 that some of the ng 
levels are perturbed by amounts comparable to the 
(small) level separations. The position of the 5g 
[53]; level and the crossing-over behavior of the 
[33]3,4 pair with each increase in 7 are probably the 
most obvious examples. Perhaps the best overall 
description of the grouping observed for these ng 
levels would be “frustrated pair-coupling.”’ 

In addition to the identified series members based 
on the 5p°(*S°) parent, the higher group of odd levels 
beginning with 20,5 at 145837.7 em7! probably con- 
tains levels belonging to each of the designations 6d”’, 
7d’, 7s’, 8s’, and 5g’. We have given only numeri- 





cal designations to these levels, no attempt having | 


been made to assign them to definite parents and 
configurations. 


7. Series and the Ionization Energy 


Ina singly-ionized atom, the Rydberg denominator 
n* for a series member is defined by the equation 4T= 


R/(n*)?; where 4T is the position of the level meas- | 


ured from the series limit, and R is the Rydberg 
constant. (The quantity T the “reduced” 
absolute term value. For convenience in using the 
Rydberg Interpolation Table [28], the value of R 
was taken as 109737.4 em™ in the series calculations 
reported here.) Many unperturbed obey 
quite closely the Ritz formula n*=n+y+aT, where 
n runs through the successive integers for the series 
and » and @ are constants for a given series. Since 
the fraction by which n* exceeds an integer is a 
linear function of T for such a series, the position of 
the series limit is taken as that value which gives 
the “best”? straight line when these successive frac- 
tions are plotted against the corresponding values ot 
mm 


is 


series 


s 

Figure 8 shows two such plots for the new (‘S°)ng 
‘Gs series, n=5 through 12. The approximately 
straight line is obtained by taking the 5p* *S° limit, 
the ground state of Im, to lie 154304 em7! above 





the 5p**P, ground level of Im. The curved line, 
representing a very unlikely behavior for this series, 
results from assuming the limit to be only 4 em™ 
above the straight-line value. It is seen that the 
Rydberg denominator fractions for the higher series 
members become increasingly sensitive to the limit 
chosen or, equivalently, to the series level values as 
nincreases. The last point on the left in the straight- 
line plot, for n=12, would fall on the straight line if 
the position of 129g°Gs were raised by 0.2 em™. 
Since this level is based on two weak lines—transi- 
tions to 4f °F; and 5f °F;—the observational uncer- 
tainty in its position is about 0.1 em7!. In any case 
a series of this regularity leaves small doubt about 
the reality of any of its members. 

Another example of a fairly regular series, ns °S°, 
is shown in figure 9, along with the perturbed ns *S° 
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Figure 8. The (S°)ng®G°%, series plotted for two different 
limit values, 154304 em-! (straight line) and 154308 cm~! 
(curved line). 


The series runs from n=5, at the right, through n=12. 
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series. The behavior of the latter series is certainly 
too irregular to be caused by a single perturbing level. 
By daihaace with the °S° series, one might guess that 
the dashed line shown in figure 9 approximates a 
hypothesized “unperturbed”? behavior of the *S° 
series. The fact that 9s *S? combines strongly with 
5p*'Ds, whereas the analogous transition for the 
other ns *S° levels does not occur or is quite weak, 
suggests that the level 6d’ 159 is mainly responsible 
for the depression of 9s °S?. This 159 level, only 375 
cm above 9s °8$, combines with 5p* 'D, in a transi- 
tion just twice as strong as the 5p*"D,.—9s *S9 line. 
Similarly, an interaction probably exists between 
11s *S$ and either or both of the slightly higher levels 
259 and 29°. The perturbations of the *S° series are 
actually not very large. For example, the perturba- 
tion required to remove the point for 11s °S° from the 
dashed line to the position shown is only 90 em7! 
(a change of 22 cm™ in the reduced term value). 

The nd *D§ series is shown in figure 9 as an example 
of an apparently regular series which nevertheless 
fails to obey the simple Ritz formula. It is clear 
that a limit position determined by assuming such a 
series to be Ritzian will be toolow. A previous value 
reported [29] by us for the principal ionization energy 
of I 11, 19.12 ev, corresponds to a limt of 154260 ¢m™! 
derived from the ns °S$ and nd *D§ series. 

On the basis of the ng °G§ series in figure 8, it seems 
reasonable to take the position of I 1m 5p**S° as 
154304 +1 cm above the ground level of lu. By 
combining this result with a recent value [30] for the 
conversion factor, (wavenumber) /(energy in electron- 
volts) =8066.03 +0.14 em@! ev-!, we obtain 19.1301 
+0.0004 ev for the principal ionization energy of 
Ii. If the conversion factor adopted in the AEL 
volumes is applied to our new limit, the resulting 
energy is 19.126 ev. 


8. Conclusion 


The earlier analyses of the Im spectrum, which 
vielded 43 even and 55 odd levels, have been revised 
and extended to include 124 even and 190 odd levels. 
The revisions include changed designations for over 
40 levels, improved values for all previously known 
levels, and new Landé g; factors for 46 levels. All 
previously known series have been extended and new 
ones found. The ionization potential of I 1 is well 
determined by one of the new series, (*S°)ng °G§. 
Wherever feasible, the results of the analysis have 
been compared with theory and with experimental 
findings for homologous and isoelectronic atoms. 

This improved analysis was made possible by the 
observation of almost 2400 I 1m lines excited in an 
electrodeless lamp. We have measured the Zeeman 
patterns of 83 lines. About 1800 lines are now 
classified, as compared to approximately 500 lines 
classified in previous analyses. None of the remain- 
ing unclassified lines is very strong. The present list 
includes approximately 300 lines in the vacuum ultra- 
violet region, 655 to 2000 A, and extends to 11085 A 
in the infrared. The measurement of the vacuum 
ultraviolet spectrum has yielded an accurate value 





for the connection between the higher levels and those 
of the ground configuration. 

We have observed two magnetic dipole transitions 
among levels of the 5p* ground configuration and veri- 
fied their nature by the Zeeman effect. 


This work was begun at the suggestion of Dr. 
C. C. Kiess, who measured most of the Zeeman 
patterns in connection with the investigation of the 
first spectrum of iodine. Charlotte Moore compiled 
most of the new g,; values and prepared a preliminary 
line list for the region above 2000 A. Mrs. Ruth 
Peterson has very accurately carried out the hand 
calculations needed for a new Ii square array. 
She also punched the input cards used in calculations 
made at the Bureau IBM 704 installation. 

The observed wavelengths in air were reduced to 
vacuum wavenumbers on the 704 with a code 
devised by Charles DeW. Coleman and William R. 
Bozman. In addition, an energy level search pro- 


| gram written by Coleman and Bozman for the 





computer can be credited with finding a good number 
of the higher levels. Mr. Bozman has generously 
devoted many hours to assisting us with the com- 
puter work. 

The numerical computations involved in an 
intermediate-coupling calculation for the 5p*6s con- 
figuration were carried out on the 704 by Dr. Richard 
EK. Trees, using a code written by him. Dr. Trees 
has also been of help in some of the other theoretical 
calculations. 

Together with Mrs. Agnes Rhodes, who typed and 
proofread the manuscript, each of these colleagues 
deserves our sincere thanks for assisting in this work. 
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TABLE 10.1. 
A(vac) A(vac) | 
observed calculated | Intensity 
| | 
655. 804 | 2 
657. 029 | l 
659. 004 | | 6 
661. 412 | 1 
663. 977 | | 8 
664. 031 | 3 
664. 520 | . 512 8 
665. 055 | . 04 8 
665. 135 | 132 | 5 
665. 699 | 695 | 150 
666. 660 | 653 | 150 
667. 270 | 100 
668. 264 | 250 | 15 
668. 976 981 | 25 
672. 505 491 | 40 
| | 
674. 063 | | 4 
675. 748 | 732 | 1 
676. 493 480 | 80 
678. 856 | 853 200 
679. 155 | . 152 | 5 
| | 
| 
679. 618 | . 616 | 50 
680. 971 | . 967 | 15 
681. 266 | . 269 | 6 
682. 180 | 179 | 25 
682. 685 | 682 | 40 
683. 414 | 1 
683. 569 565 | 80 
685. 685 694 1 
689. 294 | | 15 
689. 817 | , $82] 250 
690. 082 5 
690. 272 | | 3 
690. 453 | . 455 | 80 
691. 194 | 193 15 
691. 295 | | 5 
693. 567 | . 566 | 40 
696. 630 | | 
696. 840 | | l 
697. 358 | 353 | lh 
697. 606 | | 10 
697. 940 | . 936 | 5 
698. 032 | . 036 | 3 
698. 650 | . 656 | 8 
699. 697 . 718] 1 


Observed lines of I 


Observed 
wavenumber, 
cm! 


~ 


‘lassification 


152484. 6 








152200. 3 5p* 8P, If, 2 5 
151744. | 5p* =P, 493, 5 
151191. 7 5p! §P,—14d D3 

| 150607. 6 | 5p* §P,—13d *Dg 

| 

| | 
150595. 4 | 5p §P, 483, 2 
150484. 6 | 5p* *P, 47i, 2 
150363. 5 | 5p! 3P; 463 
150345. 4 | 5pt *P, 453, 2 
150218. 0 | 5p* ®P, 433, 2 
150001. 5 | 5p! 3P.— 423 
149864. 4 | 5p* *P» 4lf, 2,3 
149641. 4 | 5p* §P,—12d #D§ 
149482. 2 | 5p* °P, 403 
148697. 8 | 5p* §P,—11d D3 

} | 

| | 

148354.1 | Spt *P,—12s 8S} 
147984. 2 | 5p! sP,— 343 
147821. 2 | 5p* °P» 338 
147306. 6 | 5p* §P,—10d *D3 
147241. 8 | 5p* 3P, 303 
147141. 5 | 5p* *P2—10d *D$ 
146849. 2 | 5p! §P, 263 
146785. 5 | 5p! 3P 25%, 2 
146588. 9 5p! §P,—I11s 38} 
146480. 4 5p! 3P, 243, » 

| 146324. 2 

| 146291. 0 5p! §P,— 21; 

| 145839. 6 5p* *P, 203, 2 

145076. 0 

| 144966. 0 5p! §P,— 9d 3D3 

144910. 3 

| 144870. 4 

144832. 4 5p! §P.— 9d 3D3 

| 144677. 2 | 5p* *P.— . 8s’ §D3 

| 

144656. 0 5p! 8P, 49%, » 

| 144182. 2 5p! ®P.—10s 38} 
143548. 2 

| 143505. 0 5p* 3P, 483, > 

| 143398. 4 5p* 3P, 473, 2 

| 143347. 4 

143278. 8 5p* §P, 463 

143259. 9 | 5p 5P, 45%,0 

143133. 2 5p 3p, 433, 

| 142919. 0 5p* ®P, 423 
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A(vac) 
observed 


701. O0O7 
701. 909 
706. 055 
706. 319 
706. 622 
706. 901 
707. 136 
708. 122 


709. 733 


709. 856 


‘ 

711. 746 
712. 918 
713. 152 
713. 502 


3. 557 
3. 654 
> Bae 
6. 161 
6. 583 


“IJ s]s]1 6] 
fet ph ed fk fh 


388 
360 
546 
169 
980 


NON — 
tN Sa 


550 
432 
976 
O19 
798 


bo NO bo dO bo 
C2 2 SUS be 


26. 987 
27. 246 
30. 423 
31. O0O5 
31. 169 


Pe babe be 


1. 216 
1. 860 
1. 961 
32. 092 
2. 276 


“II sJ -1 <1] 
WW wW Oo 


2. 910 
1. 430 
3. 402 
7. 546 
). 342 


9. 950 
l. 131 
1. 207 
3. 054 
3. 848 


w 


14. 188 
$4. 822 
16. 143 
16. 523 
18. 781 


sIs7 se] se] «] 


18. 978 
19. 552 
750. 197 
751. 187 


TABLE 10.1. 


A(vac) 
calculated 


. 39) 
. 365 
. 539 


. 989 


. 979 
. 035 
. 794 


. 985 
. 246 


. OO2 


AS 
Bas 
. 964 
. O81 

269 


. 905 
. 433 
. 401 
. 045 


. 343 


. 959 
. 129 
2s 
. 052 


Observed lines of 1 11—Continued 


Observed 


Intensity wavenumber, 
em! 
| 142651. 9 
40) 142468. 6 
400 141632. 0 
10 141579. 1 
3 141518. 4 
150 141462. 5 
100 141415. 5 
4 141218. 6 
5Ow 140898. 0 
| 140873. 6 
6 140499. 6 
200 140268. 6 
2 140222. 6 
25 140153. 8 
10 140143. 0 
100 140123. 9 
150 139697. 6 
10 139633. 4 
150 139551. 2 
80 139394. 6 
| 139256. O 
1000 138976. 5 
15 138471. 7 
LOO( 138316. 4 
2 138016. 7 
10 137848. 9 
{ 137745. 6 
2 137737. 4 
3 137589. 8 
10 137554. O 
890 137505. 1 
| 136907. O 
7 136798. 0 
5 136767. 3 
7 136758. 5 
20 136638. 2 
25 136619. 3 
50 136594. 9 
15 136560. 5 
5 136442. 4 
| 136160. 0 
2 135980. O 
500 135584. 8 
25 135072. 7 
300 134961. 9 
6 134928. 9 
6 134915. 1 
20 134579. 7 
60 134436. 1 
40) 134374. 6 
20 134260. 3 
l 134022. 6 
15 133954. 3 
S00 133550. 4 
7 133515. 3 
15 133413. 0 
250 133298. 3 
25 133122. 6 





Classification 


Sp 3p, 
5p 3p, 


op 3P, 
Sp* 3Po 
5p! 3P 
5p 3P, 


5p *Pp. 
5p* 3P, 
5p 3P, 


op! 3p, 


Dp! 3P> 
op sp, 
5p* 3P, 
5p* §P, 
op! *P» 


5p sP; 
5p* 3P, 
op! } 
op! ' Ds, 
op’ : 


opt! Ds, 


op* 3P, 
5p 3P, 
op* 3P, 


5p* sP, 
5p! 3P, 


Sp! 3Pp 


5p! 'D, 
5p ']), 
Spt 'D, 


5pt §P, 


op' 3P, 
op 3p, 
5p 3P, 
5op' 8P» 
5p! 3Py 


5p! 3P, 
5p! Ds 
5p §P, 
5p' 'D, 
5p* 3P, 
5p 3P 


5p* 3P, 
Sp! '!D, 
5p* 8P, 
5p 3P» 
5Sp* 3P. 


5p! 1), 
Sp 3P, 
5p 8P, 
5p' §P» 
5pt' Ds» 


8d 3D3 
8d 3D; 
8d 3D3 
30. 1 
365 
343 
8d >Ds 
6d’ 153 
316 
303 
lls 3S? 
Qs 3Si 
257,>2 
6d’ 148 
6d’ 133, 
247,2 
215 
Gd’ 12; 
51%, 9.3 
6d’ 105 
1955 
Od 315 
10s 388 
8s’ 3Ds 
8s’ 3D¢° 
6d’ 98 
7s” 3p 
17 7,2 
165 
155 
145 
6d’ 73,2 
6d’ 6F 
is” *P; 
ef oe 
7d 818 
8d 3])s 
7d 3Ds 
373 
6d’ 5j 
365 
8d 3D; 
8d 5D); 
8d Ds 
6d’ 33 
6d’ 23 
7s’ 3])3 
303 
6d’ 153 
8s 3S 
ba’ «13 
263 





A(vae) 


observed 


non 


vougn 


S Q 
PA w hb 


~ 
uo 
_— 


~ 
~ 
a 


TABLE 10.1. 


A(vac) 
calculated 


. 669 
. 801 
. 273 
. 381 
. 348 


. 546 
. 918 
. 942 
. 2a8 
. 047 


. 649 


« Fat 


. 086 


. dol 
. 058 
. 409 


. 338 
. 811 
. 149 
. 847 


. 103 
. 476 
. 888 


. 039 
. 892 
. 164 
. 436 
. 858 


2h 
. 929 
. 492 
. 897 
. 18% 


. 278 
. 106 
. 075 
. 282 
. 106 


. 116 
. 652 
. 306 


Observed lines of 1 1 


Intensity 


25 
120 


12 


600 
300 
I 


400 
500 
15 


20 


9 
d 


700 
350 | 
7 
5 


70 


500 
10( 
2 


1000 
100 
I 


5) 
60 


150 

50 
3 
12 


700 
150 
30 
170 
l 


500 
300 
100 
l 
300 


150 
1200 
700 
3 


700 


600 
25 
900 
600 
LOOO 
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Observed 


wavenumber, 


ecm! 


132862. 
132837. 
132755. 
132738. 
132565. 


130951. 


130617. ; 
129746. 2 


129520. 


129476. 


129356. § 


127159. 
127152. 


126850. 


126772. - 


126398. 
126286. 


126267. § 


126212. 
125907. 
125824. 
125341. 


125288. 


125246. < 


124592. 
124167. 
123580. 


123529. ! 
122835. ¢ 


122780. 


122717. - 


122242. 4 


121819. § 


121779. 
121443. 


121235. : 


121194. 
121075. 
120802. 
120643. 
120312. 
120297. 
119890. 
119321. 


119010. § 


118892. 


118608. 


118253. § 


118162. 
117952. 
117934. 


Continued 


Classification 


op 
5p! 
op' 
5p 
5p 


5p 


Spt § 


opt 


op § 
5p 3 


Sp! 
opt 
opt 
5p 
5p 


5p 
op* 
op 
op 
op* 


5p! 
5p 
5p 
5p! 


5p! 
5p 
5p 
5p! 
opt 


5p 
Sp 
op 
op* 
5p 


5p! 
5p! 
5p 
Sp 
5p 


Spt 
opt 
op 
op! 
op 


5p 
Sp 
5p 
Sp! 
op! 


Sp 
5p! 
op 
5p' 
Sp 


5p 
5p 
op 
op 
Sp! 


IT), 
3P, 
1[), 
3P, 
1]), 


ID, 
3P, 
3P, 
3p, 
iD, 


*P 
3P, 
1]), 
3p, 


ID, 


3P, 
ID, 
IT), 


3Po 


°P, 
3p, 
1D, 
ID, 


3p, 


3P, 
3P, 
1D, 
3P, 
3p, 


*P 
3p, 
1]), 
3p, 


11), 


3P, 
3P, 
3p, 
3P, 
11), 


3p, 
3P, 
3P, 
1]), 
}), 


1]> 
3P, 
3P, 
‘1D, 
Po 


d P, 
3p, 
IP, 


lls 83 
8s 5S$ 
24}, 
5d’! #Pre 
213 
6d’ 123 
6d’ 13}, 
203. 
6d’ 123 
6d’ 11§ 
8s’ 313 
4s°'8Ds3 
Ter SE 
dd *D3 
7s’' 3Pe 
6a Te 
6d’ ‘6, 
8d 5D; 
6d’ 43 
8d 5])3 
8s  3S3 
Gd ES 
9s 3Se 
5d’’ 3Pe 
6d’ 15 
8s 3S37 
6d’ 148 
6d’ 133, 
6d *De: 
6d *D3 
Sd 3Ds3 
6d’ 103 
7s’ 3] i 
5d’’ 1Fs 
7s’ %*Ds 
7s’ 8D¢ 
6d’ 73, » 
5d’! 3Fs 
6d’ 6, 2 
6d 4D; 
6d 5D3 
6d 5Ds 
5d’’ 1Pe 
fd °Ds3 
5d’’ 3Fs 
5d’’ 3De 
5d’’ 1P3 
7d 5D3 
7s’ ID$ 
6d’ 33 
7s 38 
d’’ 3D—D3 
5d’! 3px 
6d %Ds 
7s 583 
6d 3D; 
6d 8Ds 
d’’ 3P§? 
pa” *Ps 





TaBLE 10.1. Observed lines of 1 u-—Continued 


| 


(vac) A(vac) | Observed 
observed calculated | Intensity wavenumber, Classification 
em! 
855. 494 . 502 | 100 116891. 5 5p''D.— 7s’ 3Ds3 
863. 590 . 590 | 600 115795. 7 5p? *P»— 6d 5D% 
868. 380 . 383 750 115157. 0 5pt §P\— 6d 4De 
870. 343 . 341 | 900 114897. 2 5p 3P, 5d’ 1P% 
871. 596 . 599 | 30 114732. 0 5p! *P,;— 6d 4D3 
872. 391 . 388 | 800 114627. 5 5p! ®Py— 5d’ 3D5 
873. 489 . 495 | 1500 114483. 4 5p* §P,— 5d’ 3Ps 
875. 941 . 940 1000 114162. 9 5pt'!D,— 5d’! IPs 
877. 276 . 279 | 800 113989. 2 5p §Pi— 5d’ 3Ds 
879. 844 . 847 2000 113656. 5 5pt §P,— 5d’ *D3 
881. 881 . 889 | 1500 113394. O 5p! *P, 5d’ 1F3 
886. 492 . 511 | 30 112804. 2 5p' §P;— 7s 38 
890. 995 . 995 | 1000 112234. 1 opt *P.i— 5d’’ 2Ds 
893. 167 . 163 | 1000 111961. 1 5p! §P,— 6s’" 1P¢ 
895. 844 . 847 400 111626. 6 opt ®Po 5d’ *P¢% 
895. 957 . 963 | 200 111612. 5 5p''D,— 6d 3Ds 
896. 376 . 370 100 111560. 3 5p*'Do— 6d 3D 
896. 692 | 100 111521. 0 { Sp! = lg 
op” °F, ie. "8 
901. 004 . 006 200 110987. 3 5p* §P,— 5d’ 3P% 
902. 130 . 133 | 100 110848. 8 5p* 3P;— 5d’! 3P3 
905. 313 .314 | 100 110459. 0 5p §P,— 6s’! 3P3 
910. 309 . 309 | 100 109852. 8 5pt'!D,— 5d’ Fs 
914. 957 951 | 200 109294. 8 5p* §P,— 5d’ Se 
917. 007 . 001 300 109050. 4 5pt'D.— 5d’! 3F3 
921. 343 . 340 | 100 108537. 2 5pt §3P,— 5d’ 1D3 
922. 085 . 088 | 100 108449. 9 5p' 3P,— 5d’ IP? 
925. 119 . 142 | I 108094. 2 5p?! Ds, 6d 8Ds 
925. 477 . 488 | 15 108052. 4 op! 'D, 6d §Ds 
929. 143 . 144 800 107626. 0 5p §P,— 5d’ 3G3 
930. 133 . 131 | 100 LO7511. 5 5p* *P,— 5d’ 3F3 
930. 506 . 506 | 150 107468. 4 5p!'D .— 5d’! 3F8 
931. 139 . 137 | 100 107395. 4 Spt 3P,— 5d’ 3P3 
937. 322 . 332 | 20 106686. 9 5p! 1S; 7d 3D3 
940. 904 . 902 200 106280. 8 5p* §P;— 5d’’1D3 
941. 936 . 960 | 2 106164. 3 5p 1D.— 7s 388 
942. 472 . 478 | 40 106103. 9 5p! 3P.— 6s’? 3P% 
947. 023 . 024 | 100 105594. 0 5p!'D.— 5d’? 8Ds 
947. 749 . 744 | 15 105513. 2 5p 3Py— 6s’" 1P¢ 
948. 658 | . 653 | 80 105412. 1 5p! 1S,— 6d’ 5% 
| 
953. 199 | 8 104909. 9 
aa ou 5p! 3P;— 6s’" IPs 
953. 489 | 30d 104878. 0 | Bp! D 7 “4 
956. 503 | . 515 | 10 104547. 5 5p! 3p 5d’ 3D5 
958. 333 . 342 | 25 104347. 9 5p! !D.— 5d’ 3P¢ 
959. 619 | . 617 | 100 104208. 0 5p! 1D,— 5d’ 3Ps 
961. 979 . 982 | 70 103952. 4 5p! 3P,— 5d’ 188 
963. 415 . 430 | { 103797. 4 5p! 1S>— 8s 383 
967. 378 . 381 | 700 103372. 2 5p °P;— 6s’ 3P3 
968. 670 | . 677 | 100 103234. 3 5p! 1S,—- Bd’ 3Ps 
972. 292 | 313 | 10 102849. 8 5p 8P,— 5d’ 383 
978. 394 | . 393 | 300 102208. 3 5p 3P,— 5d’ 38¢ 
988. 434 . 433 | 200 101170. 1 5p!1D.— 5d’ 1Ps 
992. 508 | . 503 | 150 100754. 8 5p!1D.— 5d’ 3P3 
995. 768 . 770 | 700 100425. 0 5p! ?P,— 5d’ 2F3 
1000. 572 . 569 | 1200 99942. 8 5pt 3P,— 5d’ 3F3 
1000. 701 711 | 80 99929. 9 5p*'D.— 5d’ 3D3 
1003. 350 . 354 | 1000 99666. 1 5p! '!D.— 5d’ Fs 
1003. 457 . 458 | 500 99655. 5 5p* 3Py— 6s’! 3P3 
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TARLE 10.1. Observed lines of | 1—Continued 


A(vac) A(vac) Observed 
observed calculated Intensity wavenumber, Classification 
em~! 
1003. 612 . 605 300 99640. 1 5p* '!D.— 51’ 1Ds3 
1009. 936 . 935 700 99016. 2 5p* ?P, 6s’’ 3Ps 
1016. 381 . 345 20 98388. 3 5p* Sp 5d’ 1Pe 
1017. 977 . 973 200 98234. 0 5p’ 1D, 6s*" 1P3 
1018. 583 . 581 4000 98175. 6 Spt °P,— 5d’ 3Ds 
1019. 230 . 223 400 98113. 3 5p* ?P, 6s’ 3P§ 
1019. 400 . 386 800 98096. 9 op* 3Po 5d’ 38DF 
1023. 544 . 633 200 97689. 8 Spt 3P, 6s’ 1Ds 
1026. 065 . 070 350 97459. 7 Sp? 3P, 5d’ 3Ds 
1030. 047 . 0438 800 97082. 9 5p! §P,— 5d’ 3Ds 
1033. 801 . 787 100 96730. 4 5p* 'D.— 6s!" 3P3 
1034. 655 . 655 10000 96650. 6 5p* 3P.— 6s’ 3Ds3 
1042. 154 . 146 100 95955. 1 5p’ 3P,— 5p) 1Pe 
1043. 430 . 431 2 95837. 8 5p 'Sy— 6d 3D? 
1046. 373 oes 200 95568. 2 5p! !D.— 5d’ 382 
1054. 582 . 571 150 94824. 3 5p >P.»— 6s’ 3D3 
1054. 742 . 138 1500 94809. 9 5p* !D.— 5d’ 1Ds 
1064. 981 . 977 60 93898. 4 5p*'!D, 5d’ 3G3 
1066. 273 . 273 250 93784. 6 Sp' '!D.— 5d’ 3F3 
1067. 341 . 334 2000 93690. 8 5p* 3P, 6s’ 3Ds3 
1075. 210 . 200 3000 93005. 1 5pt 3P, 5d 3Ds3 
1082. 540 . 531 400 92375. 3 opt !D.— 6s’ 3P? 
1085. 405 . 405 700 92131. 5 Sp 3P.»— 51 3D; 
1101. 099 . O91 30 9O8I18. 4 5p* '!D.— 5d’ *De 
1101. 239 . 232 400 90806. 8 Spt 3P, od’ 3P§ 
1103. 590 . 584 800 90613. 4 Spt 3P,— 6s’ 1D3 
1105. 000 1. 993 5000 £0497. 7 5p* 3P» 5d 3D3 
1111. 165 . 157 2500 89995. 6 5p! 3P, 5d’ 3D3 
1117. 219 . 219 1500 89508. 0 Spt 3Po— 5p5 1Pe 
1125. 251 . 254 3500 | 88869. 1 5p* 3P, 5p*® IP? 
1131. 504 OL 2000 88378. 0 5p! 3Po— 6s’ 3De 
1139. 752 . 600 1200 87738. 4 Sp! 3P, 6s’ 3D; 
1139. 805 . SOS 10000 87734. 3 5p! 3P, 5d 5D? 
1154. 668 . 676 1500 86605. 0 5p* 3P, 6s’ 3D3 
1159. 871 . 879 1000 86216. 5 op! 'D. 5d’ 3F3 
1160. 562 . 665 10000 86165. 2 Sp! 3P, 5d 5D3 
1166. 482 . 480 20000 85727. 9 5p! 3P, 5d 45D3 
1167. 054 . 069 1500 85685. 8 Spt *Pyp— 5d 3D? 
1171. 007 . 014 50 85396. 6 Spt I1So— 5d’ 1Pe 
1175. 841 . 840 5000 85045. 5 opt 3P, dd 3D? 
1178. 650 . 649 10000 84842. 8 opt 3P, 6s 3S3 
1184. 156 . 183 200 84448. 3 5p! '!Ds 5d’ 3D3 
1187. 338 . 309 15000 84222. 0 5p! 3P, 5p*® 3Pe 
1190. 853 . 850 LO000 83973. 4 5p? '!D, 6s’ 1D3 
1198. 884 . 878 5000 $3410. 9 5Sp* 3P; 5d 3D3 
1199. 677 C72 1000 83355. 8 5p! 'D, 5d’ 3Ds3 
1200, 223 221 7000 83317. 8 5p! 3P;— 5p 3P3 
1205. 931 . 933 2000 82923. 5 5p! '!D, 6s’ 3D3 
1216. 125 ~ kan 3000 82228. 4 5p*!D.— 5p5 1P-3 
1220. 887 . 885 20000 81907. 7 Spt 3P,—. 5p5 3P3 
1230. 222 . 221 600 81286. 1 Sp! 3Pp— 5d 4Ds3 
1233. 069 . 074 100 81098. 5 5p* 1D, 6s’ 38D3 
1234. 063 . 070 20000 81033. 1 opt 3P» 6s 583 
1239. 969 . 970 8O 80647. 2 Sp* 3P, 5d 5D? 
1250. 559 . 560 700 79964. 2 5p! 'D. 6s’ 3Ds3 
1264. 580 . 576 20 79077. 6 op* 3P, 5d 45Ds 
1275. 424 . 422 2000 78405. 3 5p*!D.— 5d %D? 
1275. 596 . 592 1000 78394. 7 op! 3Pyp— 6s 3Se 
1277. 190 . 186 2500 78296. 9 5p! 3P, 5d 5D§ 
1285. 782 me i" 1500 C1073. 7 Spt §Po— 5p> 3P; 
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A(vac) A(vac) Observed 
observed calculated Intensity wavenumber, Classification 
em”! 
1286. O84 . 076 4000 77755. 4 5p* ?P, 6s 385 
1296. 416 . 425 3000 77136. 7 5p! 3P, 5p*® 3P5 
1302. 580 . 573 150 76770. 7 5p! ' Ds 5d 3D3 
1332. 533 . 5386 12 75045. 0 5p! 18% 5d’ 3De 
1336. 517 . §27 20000 74821 5p! 3P,— 5p* 3Ps 
1351. 219 . 225 20 74007. 2 5p’ 1D» 5d 54D? 
1380. 501 . 497 500 12437..5 5p?! Ds, 5d 5Ds 
1406. 138 . 159 10 71116. 8 5p? 1D, 6s 3Se 
1418. 539 . 540 25 70495. 1 5p! 'D» 5p*® 3PF 
1466. 673 . 693 1000 68181. 5 5p* '!D, 5p®> 3P3 
1485. 734 | . 763 30 67306. 8 5p!!1D.— 6s 583 
1504. 761 788 10 66455. 7 5p! 1S>— 5p> IPF 
1521. 068 15 657438. 3 
1700. 529 2 58805. 2 
1825. 049 . 059 2 54793. 0 5p 3P3— Sp 3P, 
1826. 705 10 54743. 4 
1828. 550 3 54688. 1 
1828. 729 3 54682. 8 
1859. 466 3 53778. 9 
1961. 837 . 839 2 50972. 6 5d 5D3 8p 3P» 
1964. 631 . 636 3 50900. 1 5d 3Ds3 6f 3F, 
1978. 816 . 799 2 50535. 3 5d 5Ds3 8p 3P» 
1981. 360 3 50470. 4 | 
1990. 944 3 50227. 4 
TABLE 10.1. Observed lines of I 11—Continued 
A(air) Intensity Wave Classification d(air) Intensity Wave Classification 
number number 
2014. 178 1 49632. 00 5p*® 3P%§ 4f’ 8D, 2125. 156 l 17040. 50 
2023. 100 8 49413. 17 5d 4D3 5f 5F, 2132. 921 l 46869. 27 6s’ 3D3 4f’ 
2024. 580 2 49377. 05 5d’ 3D3 lo, 2140. $92 2 16692. 61 6s’ 3Ds 7p’ 
2026. 155 ] 49338. 67 2141. 338 Lh 46685. 06 5d 3D3 4/’ 
2034. 068 15 49146. 76 5d *Di— 5f 51 2143. 876 | 46629. 80 , 
2035. 812 ] 49104. 66 5d 45D3 5f 45F, 2150. 143 3 46493. 90 
2037. 806 2 49056. 62 5d *D3s— B5f 5F, 2171. 863 2 46028. 99 
2038. 561 ] 49038. 46 2172. 223 5 46021. 36 
2041. 256 4 48973. 72 5d 8 Ds 5f I 2177. 480 4 15910. 26 5d Ds &p 
2048. 816 l 48793. 04 5d 8D 4f’ 3] 2203. 313 Sh 45372. 04 
2053. 160 1 48689. 82 i a 6p %P,— Od 
2053. 802 i 48674. 60 5d 5Di— 8p 3P 2208. 156 15260. 65 Bd 8D 4f” 
2060. 167 2 48524. 24 2210. 358 3 45227. 44 5d 3Ds3 5f 
2091. 300 3 47801. 95 2210. 876 2 45216. 85 
ee - Fas ik ie hd’ 3F; 8f 3F 2211. 135 l 15211. 55 6s’ 3D} if’ 
PONG. 8 £1676. 6S 6p 5P;—  _—-353, 2211. 533 15203. 42 6s 583— Zp 
2103. 562 lh 47523. 34 5p? *Ps— 6p’’3D 2217. 279 2 15086. 28 6s’ 3Di— Tp 
2105. 120 ] 47488. 17 5d’ 3°Gj3 2227. 385 | 44881. 74 5d 3D; if’ 
2114. 745 6 47272. 06 2229. 246 30 14844. 28 5d %D3— 5y/ 
2116. 970 | 47222. 38 p> 3Pi— b6p’’1D 2230. 393 2 44821. 22 
2117. 767 l 47204. 61 2231. 371 l 14801. 58 
2118. 690 lh 47184. 05 2236. 618 | 14696. 48 6p 5P.—10s 
2119. 858 2h 47158. 06 5d 3D 7p’ J 2236. 762 l $4693. 60 6p 3P,—10d 
2122. O86 8 47108. 55 2239. 433 3 14640. 30 5d 3D3 of 
2122. 252 I 47104. 87 2239. 714 lh 14634. 70 , 
2122. 372 I 47102. 20 5d 3D3 Tp’ 3F, 2244. 666 5 14536. 24 
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TABLE 10.1. Observed lines of I 11—Continued 


\(air) Intensity Wave Classification d(air) Intensity Wave Classification 
number number 
2246. 675 2h 44496. 42 5p> ?P3 ip *Py 2369. 574 20 42188. 79 
2255. 206 lh 44328. 12 5p® 3P3 7p 3P, 2369. 960 10 42181. 92 5p> 3Pz 7p 3P, 
2256. 674 3h 44299. 28 2371. 622 l 42152. 36 5d’ 3F3 6f 3F, 
2260. 035 20 44233. 41 Spi 1Pi 7p’ 1D. 2372. 192 15 42142. 24 5d’ 3P§ 4f’ 3D, 
2261. 700 4 44200. 85 2372. 596 3 42135. 06 5d *D3— 5f SF, 
2262. 032 2h 44194. 36 6s 4583 4f 3F, 2378. 034 10 42038. 72 5d 5D} 6n’’ 38P, 
2262. 533 lh 44184. 58 2379. 463 5 42013. 47 5d’ *D3— 7p’ !D, 
2267. 855 2h 44080. 90 5p® 1P5 4f’ 3D, 2380. 761 ] 41990. 57 6s’ 1D3s— 4f’ 3G, 
2274. 322 3 43955. 57 Sp 1P¥5 7p’ 3F, 2380. 917 2 41987. 82 5d’ 3D3— Tp’ 'F; 
2276. 270 lh 43917. 95 2384. 069 20 41932. 31 5d’ 3D3— 7p’ 3F, 
2286. 564 4 43720. 26 6s 383 6p’’ 38, 2385. 244 2Ec 41736. 69 
2287. 060 ] 43710. 77 5d 5D; 6p’’ 1D» 2397. 260 25 41701. 59 6s’ *Di— 4f’ 3F, 
2287. 903 15 43694. 67 5d 3D3 8p 3P» 2397. 753 3 41693. 02 5d’ 3F3— 72, 3 
2288. 569 l 43681. $6 2398. 225 10d 41684. 81 5p® 1P7 4p ers 
2288. 693 2 | 48679. 59 | 2398. 370 4 41682. 29 5d’ 1D3 102, » 
2291. 767 2 43621. O1 6p 5P, 10s 583 2399. 209 4 41667. 72 6p 5P, 8d 5D} 
2293. 226 25 43593. 26 5d 3D; 5f 3F, 2400. 166 6 41651. 11 6p 5P, 8d 4D3 
2302. 945 l 43409. 30 2400. 588 3 41643. 79 6p 5P, 8d ‘Dé 
2310. 139 5 43274. 13 2400. 974 ] 41637. 09 6p 3Po— 8s’ 3D? 
2310. 551 2 | 43266. 41 5d 5D3 6p’ 3D; 2403. 863 ] 41587. 06 5d’ 3F3 6f 3F, 
2311. 205 lh 43254. 17 5p® 3P3 6p’’ 3P, 2404. 090 20 41583. 13 6s’ 3Di— 8p 3P, 
2314. 761 2 43187. 73 6p 3P, Sd 3Ds 2404. 926 2 41568. 67 | 6p %°P.—10s 38% 
2315. 638 4 | 43171. 38 2405. 384 3d 41560. 76 | 6p 5‘P,— 8d 5D? 
2319. 150 ] 43106. 00 5d’ 3D3 7p’ 1D, 2405. 887 20 41552. 07 6p v8 - 8d 45D3 
2319. 968 2 43090. 81 5d 3D3 4f’ 3F; ‘ > Q95 rA2 29 |f 5d’ 3D3 4f’ 1G, 
2406. 393 10 41543. 33) 6, sp. 84 5s 
2320. 329 10 43084. 10 5d 3D3 4f’ 3G, 
2322. 532 2c 43043. 24 2408. 008 100 41515. 48 5d’ 3 D3s— 4f’ 3QG, 
2327. 395 l 42953. 31 5d’ 3D$ 4f’ 3D, 2411. 967 ] 41447, 34 6s’ *Ds— 5f 5F; 
2331. 650 3c | 42874. $3 2412. 570 40d 41436. 98 
2333. 076 l 42848. 73 | 2414. 154 1 41409. 79 | 
2415. 117 3 41393. 28 | 
2334. 203 20 | 42828. 04 5d’ 3D3 7p’ 3F, 
2335. 502 10¢ 42804. 22 5p’ 3P3s— 4f 5F; 2415. 732 2 41382. 74 | 
2336. 188 1 42791. 66 6s’ 1Ds 4f’ 1D, 2417. 853 3 41346. 44 5d’ %G@3— 62, 3,4 
2339. 831 l 42725. 04 2419. 176 100 41323. 83 5d’ 3D3— 4f’ °F, 
2340. 072 I 42720. 64 2434. 830 4 41058. 18 
2437. 087 1 41020. 15 5d’ 3G3— bay 
2340. 277 3 42716. 90 6s’ 3D3 Sp 3P, 
2340. 778 3 42707. 75 5d’ 3F3 10,3 2437. 710 5 41009. 67 5d’ °F 4f’ IF; 
2341. 947 I | 42686. 44 | 6s’ IDs 4f’ IF; 2437. 901 20 41006. 46 5d’ 3F3— 7p’ 3F; 
2342. 402 50 42678. 15 5d 3%D3 5f 3F, 2438. 285 25 41000. 00 5p> *Pi— 6p’ 3D, 
2343. 067 3 42666. 03 5d’ 3P5 4f’ IP, 2441. 484 3 40946. 28 5d 3%D3s— 6p’’ 1D, 
2441. 872 2 40939. 78 5p5 %Pi— 6p’’ sP, 
2344. 303 l 42643. 54 
9345. 301 4 42625. 40 5d’ 3G3 113,, 2444. 220 40 40900. 45 6s’ *Di— 5f 3F, 
2346. 266 15 42607. 86 5d’ ?Ds— 4f’ 2G; 2446. 516 3 40862. 07 5p? 3P7— Tp 5P, 
2347. 044 4 42593. 74 5d’ 3G3 10.,3 2448. 496 30 40829. 03 5d 5 Di— 6p’’ 3s, 
2348. 485 5 42567. 61 6s’ 3D;j 4f’ 3P, 2451. 075 + 40786. 08 5d’ 3Fi— 7p’ IF; 
2451. 194 5 40784. 10 | 5p> 3Pi— 6p’’ 3Py 
2349. 180 ] 42555. 02 
2350. 115 I 42538. 08 6p 3P;—10s 38% 2453. 952 5 40738. 26 6p 5P,— 9s 583 
2352. 860 3 42488. 46 6s’ 1Ds 7p’ 1D, 2454. 434 2 40720. 26 
2354. 286 8 42462. 73 6s’ I1D5 7p’ Fs 2454. 533 30 40728. 62 5p® 3PF7 7p >P, 
2357. 473 3 42405. 33 6s’ 3Ds 4f’ 3F, 2454. 958 3 40721. 57 
2456. 046 lh 40703. 53 
2359. 965 2 42360. 56 5d’ 3P% 7p’ 1P, 
2360. 474 7 42351. 42 6p 3P» 9¢d 3Ds 2457. 367 2 40681. 65 6s 383 4f “F, 
2361. 174 10 42338. 87 6s Si 7p Po 2457. 703 6 40676. 09 5d 5Ds3 7p 3P, 
2361. 303 ! 42336. 56 5d 32D 5f = 3F; 2458. 239 5h 40667. 22 5d’ 1Ds 7253 
2362. 399 4 42316. 92 2459. 005 2 40654. 55 
2460. 444 8 10630. 78 6p 5P.— 9s 583 
2362. 946 l 42307. 12 6p  *P» 8d %D 
2363. 303 l 42300. 73 6p »*P, 8d 3D} 2461. 126 30 10619. 52 5p? 3PF 4f iF, 
2367. 224 3 42230. 67 5d 3D; 6p’ IS, 2464. 085 15c 10570. 74 
2367. 930 1 12218. OS 2464. 684 80 10560. 89 5p> 3P7 Af 5K, 
2368. 332 7 42210. 92 2466. 249 ! 40535. 15 
2469. 167 20 10487. 25 6p  5P;— 8d 4D; 
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\(air) | Intensity; Wave Classification 
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2469. 824 | 6 10476. 48 6p 5P;— 8d 5D3 2537. 583 2 39395. 74 
2470. 369 1 40467. 55 6p  %P;— 8d 5D3 2540. 126 10 39356. 31 5d 5D3— Tp 5P, 
ea 295 25d 40452. 39 2542. 140 60d 39325. 13 5d’ 3D3— 8p 3P, 
2471. 664 2 10446. 35 2542. 557 3 39318. 68 5d ®D3— 7p 5P, 
2473. 272 2 40420. 06 5p? 3P3— 6p’’'P, 2542. 976 39312. 20 5d 3Di— 6p’ 1D, 
2475. 766 1 40379. 34 6s 3Si— 6p’’?D, 2545. 416 20 39274. 52 5d 3D3— 6p’’ 3P, 
<—. zis 2 10372. os 5d’ 3Gi— 6f 3F, 2548. 342 15c 39229. 43 | 5d’ 3Gy— 4f’ IF; 
2476. 738 l 10363. 5( sail hioe diane — ennon 1a |, 8d’ *Gi— 7p’ *F, 
2478. 073 5c | 40341. 75 5d’ 3F3— 4f’ 1G, 2548. 506 | 25 39226.13 |) 6 =P,— 8d 5Ds 
2478. 994 2 40326. 76 | 5d 3D3— 6p’’!P, 2550. 426 { 39197. 37 | 5d’ 3D3— 7p’ 3P> 
2551. 258 6 39184. 59 | 5d’ 3D3— Tp’ 2D; 
2479. 467 3 40319. 07 6s 3Si— 6p’ 3P, | Pe ee ee 
2479. 797 6 10313. 71 5d’ 3Fj— 4f’ 3G; 2552. 448 39166. 32 
2480. 029 2 10309. 94 2557. 699 50 39085. 92 5d’ 3D3— 4f’ 3D; 
2480. 486 1 40302. 51 : ; 2559. 258 25 39062. 11 5d 5D3— 4f 3F; 
2481. 103 25 40292. 49 5d’ 1Ds— 55,3 2559. 571 10 39057. 34 5d 5‘D3s— 6p’’ 3D, 
alin | ial 2559. 708 20 39055. 25 5d 5D3— 4f 5F; 
2481. 289 40289. 47 ; 
2481. 689 2 40282. 98 2561. 132 Be 39033. 5: 6s’ 3D3— 5f 37K, 
— 058 25 10276. 98 5d’ *D3s— Tp’ 3D, 2561. 977 30 39020. 66 6p *P.— 8d 3D3 
2483. 261 410257. 48 2562.451 | 300c 39013. 44 5d’ 3D3— 4f’ 3F. 
2483. 520 30 40253. 28 5p> 'Pi— Tp’ 3D, 2562. 701 2 39009. 64 ae j 
il wis ' coe “— dav aee 2562. 945 2 39005. 92 5d’ 3G3 7p’ 1F; 
2450. De 246. 29 | oO 3 ip 2 
2484. 246 l 40241. 52 | 6s Sj 7p iP, 2563. 350 10¢ 38999. 76 6s’ 1D3— 8p 3P» 
2484 387 2 40239. 3 5d 5D3— Tp *Ps 2563. 518 15 38997. 20 5d ®D3— 6p’! 3P, 
2487. 027 0196. 52 2564. 386 | 200 38984. 00 5d 5‘D3— 4f 4F, 
2489. 065 10¢ 10163. 61 6s 3S8i— 6p’ 3P, 2566. 242 1000 38955. 81 5d 5D3— 4f 5F, 
ita ‘a aieldids — | 2566. 604 2 38950. 32 5d’ 3G3— Tp’ 3F, 
2491. 63! S 22. 1: 5d’ 3F3 che - 
2492. 514 8 10108. 04 6s 3Si— Tp 5P, 2566. 712 3 38948. 68 5d’ 3Fs3 has 
2493. 458 3 10092. 86 2567. 529 3 38936. 29 : a 
2494. 738 100 10072. 29 5d’ 3F3 4f’ °G; 2568. 642 S 32919, 42 5d 5D3 7p ®*Pe 
2496. 123 2 40050. 05 6s’ 3D3— 8p 3P, 2572. 956 5 38854. 16 : 
ioc , nee 2573. 253 5 38849. 68 6p *°P.,— 8d *D3 
2497, 98: 0020. 22 
2499. 316 30 39998. 89 | 6s 3Si— 4f 5F, 2573. 992 5 38838. 53 5d’ 3D3— 4f’ 3D, 
2502. 981 70 39940. 32 6s 3Se— 4f 45, 2574. 256 38834. 54 Sd’ *G;— ss I, 
ania ‘ nine 5d’ 3Ds— 4f’ °D, 2574. 817 l 38826. 08 6s’ 1D 4f’ 3K 
2503. 560 0 39931. 09 i agile A coe ake ey J 2 
303. 56 meet. OO | Sd’ *Gi— FSF; 2577. 473 38786. 08 5d 8D3— 7p 5P, 
2506. 999 6 39876. 32 | td AM ’ = 7 2577. 652 - 38783. 38 
\ »} “fr 0@ *)'1 
sh fa ae is 2580. 145 5c 38745. 91 6s’’ 3P3 4% 
2508. 9 al 1 39845. 45 oti =e 2582. 794 | 2000 38706. 18 5d 5Di— 4f 5F; 
2510. 612 8 39818. 94 6p at 8d %Ds 2583. 710 2 38692. 46 Bd 3D 6p’ IP 
2513. 199 20 39777. 95 5d = 5D5— 6p’’ 3P, 2584. 746 10 32676. 95 5d 51): : 5p 
2514.617 | 10 39755. 52 5d *D3— 7p 5P D584. 837 8 38678 BO i ae AS 
2515.022) 10 39749. 12 bd *D3— 4f 3>F, ia ial “ ile i 
2519. 494 5 39678. 57 2585. 202 5 38670. 12 Sd *Di— Tp *P2 
»F10 Rae 20n79 9 = 7? 3D 2585. 407 2c 38667. 06 
2519. SOS ] 39672. 21 Os 1])s (p | , Oren N90L Ay ~ e 7 . 
9591. 929 1 39639, 32 : 2586. 721 100 38647. 42 5d 5D3— 4 I, 
595 206 3 30588, 82 2587. 052 1c 38642. 48 5d’ *D3— Ef 3F, 
pats Fa Pa) e —PATOO. Of Or 9« ‘ NELIMR QE a 3 “y 
2525. 988 4 39576. 57 5d’ 3D3 Tp’ 3P, 2588. 132 Sd 38626. 35 5d’ 3D3 1/ H, 
2526. 612 g 39566. 79 5d ‘8D Tp 5P, 2588. 670 150 38618. 32 5d 5D3 4f 5F, 
2527. 350 10 39555. 24 6p 5P;— 9s 583 2592. 010 2h 38568. 56 6p’ 3F» 41i,0, 
2530. 974 50 39498. 61 5d’ 3P3— 4f’ 3P, 2592. 490 3c 38561. 42 5d’ 3GG— 4f’ 1G, 
2533. 372 5 39461. 22 5d’ 3F3 “ae 2593. 458 300 38547. 03 5d 8DS 4f =F 
2533. 605 | 100 39457. 59 5d 5D3j— 4f 5F, 2594. 376 s 38533. 39 dd’ *Gi— 4f’ 3G; 
2534. 272 | 200 39447. 21 5d *‘Di— 7p 5P3 2594. 954 20¢ 38524. 81 5d’ 3Ds— 8p 3P 
2534. 505 40 39443. 58 5d’ 3D3— 4’ 3F, 2595. 518 8 38516. 44 6p 3Py— 8d 3D? 
2535. 708 2 39424. 87 2596. 063 th 38508. 35 6s’ 1D3 Tp’ 3D, 
2535. 846 2 39422. 73 5d’ 3F3— 8f SF; 2596. 500 6 38501. 87 5d 5Di— Tp 3P, 
2536. 994 4 39404. 89 5d’ 1D3s— 39,3 2597. 878 6 38481. 45 Op P, 9s 3S7 
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(air) | Intensity Wave Classification d(air) Intensity Wave Classification 
| number number 


2598. 397 t 38473. 77 2694. 056 25 37107. 74 5d 5D} 4f 5F, 
2598. 765 4 38468. 32 6s’ IDs 4f’ 38D, 2684. 593 le 37100. 35 

2600. 757 | 38438. 86 5d 3D; 6p’’ 1D» 2696. 702 6 37071. 33 5d’ 3F3 4f’ 3D, 
2600. 989 2 38435. 43 2697. 375 2 37062. 08 5d’ 1G3— 7p’ 'Fs3 
2602. 890 10¢ 38407. 36 5p> 1Pi— 6p’! So 2698. 319 50 37049. 12 5d ®‘Di— 4f ‘1F. 
2603. 658 Sh 38396. 03 6s’ 1D3s— 4f’ 3F; 2700. 419 3 37020. 31 6p 3P.— 6d’ 143 
2605. 340 3 38371. 24 6s’’ 3P3 5p, 2701. 431 50 37006. 44 5d’ 1Gj— Tp’ °F, 
2606. 703 2 38351. 18 5d’ 3D3 af’ 3F, 2704. 257 1 36967. 77 | 

2607. 347 30 38341. 71 5d’ 3Gj 4f’ 3F, 2704. 424 2c 36965. 49 

2608. 442 l 38325. 62 2704. 522 20 36964. 15 

2609. 175 l 38314. 85 Sd’ *P>— Tp’ *D, 2706. 320 3c 36939. 59 

2610. 740 150 38291. 88 5d’ 3G4 tf’ 3G; 2707. 400 3 36924. 86 5d’ 3Di— 6f 3F2 
2612. 524 l 38265. 74 6p %P.— 8d *D3 2708. 159 50 36914. 51 

2612. 963 20 38259. 31 5d’ 3D3 5f 3Fs3 2709. 708 i 36893. 41 

2619. 890 30 38158. 16 5p? 3Po— 6p’’ 38, 2710. 206 l 36886. 63 5d’ 1F3— 12,2? 
2621. 362 4c 38136. 73 5d 5Do— 6p’’ 3D, 2710. 857 1 36877. 77 

2621. 858 3 38129, 52 2712. 236 150 36859. 02 5d’ 3F3— 4f’ 3H, 
2626. 309 2 38064. 90 5d 3Ds— 6p’’ 38, 2713. 108 l 36847. 18 6p’ 3F;— 393 
2626. 974 8 38055. 26 5d’ 3D3 5f 5F 2715. 784 4 36810. 87 

2627. 334 8 38050. 05 6s  5S3s— 6p’ 'D, 2719. 726 20 36757. 52 5d’ 3F3— 8p 3P» 
2631. 983 15 37982. 84 5d’ 3F3— Tp’ 2D 2722. 542 2c 36719. 50 6p’ 3D» 38} 
2632. 756 l 37971. 69 5d’ 1G3— 6f 51Fs 2723. 041 40c 36712. 77 5d’ *Fy— 4f’ 3G, 
2635. 298 ] 37935. 07 2726. 649 2 36664. 20 | 

2636. 270 20w | 37921. 08 5d’ 3D af’ 3F 2728. 749 6 36635. 98 

2636. 729 150w 37914. 48 5d’ 3Ds $f" 3G, 2730. 124 500 36617. 53 5d’ 1G3— 4f’ 1G, 
9638. 644 l 37886. 96 6p 3°P.— 6d’ 153 pee aha y ee eee 6s’’ 3P3— 8f 3F3; 
2641. 302 | 20 37848, 84 2731. 788 | = 20 36595. 23 { 5d" 3D3— to 
2645. 375 2 37790. 57 5d Dj 4f 3F, 2732. 200 5 36589. 71 5d’ 1G4 4f’ 3Gs3 
2651. 301 l 37706. 11 2732. 735 10 36582. 55 6p’ 3D,—11s 3A} 
2651. 874 lh 37697. 96 5d’ 3F: sf’ 3P, 2734. 137 3 36563. 79 6p’ 3F, 503.4 
2652. 636 lh 37687. 13 6p’ °D» A1i,>, 2734. 877 l 36553. 9 6p’ IP, 463 
2655. 829 10¢ 37641. 82 6s’ 1D3s— 5f 3F 2736. 410 1 36533. 42 Gp’ IP, 45} 9 
2660. 396 I 37577. 21 2736. 938 1 36526. 37 

2665. 014 5 37512. 10 6p 3P» 9s  3Sj 2744. 533 20 36425. 30 | 5d 3D3— 6p’’3D; 
2665. 284 20 37508. 30 | 5d’ 3D3— Sf 3F 2746. 590 8 36398. 02 5d’ 1Gj— 4f’ 3F, 
2666. 141 l 37496. 24 6p 3Po— 6d’ 155 2747. 502 4 36385. 94 

2667. 049 3 37483. 48 6s’! 3P3 3, 3 2749. 133 le 36364. 35 6p *P,— 6d’ 123 
2667. 624 l 37475. 40 2749. 884 2c 36354. 42 

2670. 304 41 37437. 79 6s’ 1D35 5f 5F 2750. 362 2c 36348. 10 5d’ 1G3— 4f’ 3G; 
2670. 854 4 37430. 08 5d’ 3F3 Tp’ 3P» 2753. 502 10d 36306. 66 5d’ 3F3— df 3Fy, 
2671. 008 5 37427. 92 5d 5D; 6p’’ 3P, 2754. 745 1 36290. 28 | 

2671. 239 6 37424. 69 5d’ 3F4 sf’ 3H, 2755. 128 5 36285. 23 6p’ 3D,— 21f 
2671. 770 l 37417. 25 5d’ 3F Tp’ 3D; 2757. 213 7 36257. 79 6p 5P.— 7d *D3 
2674. 795 150 37374. 94 5d’ 3F; 4f’ 3H; 2758. 702 l 36238. 22 

2676. 150 3¢ 37356. 01 5d > D3— 6p’ 3D, 2759. 624 8 36226. 12 5d’ 3F3— 4f’ *D; 
2676. 562 10 37350. 26 5d 5Di— Tp ®P» 2761. 431 15 36202. 41 5d’ 3Gi— Tp’ 3D; 
2676. 983 l 37344. 39 6p %P.— 9s 553 2761. 930 le 36195. 87 

2681. 203 10 37285. 62 5d’ 1G3 Af’ iF 2764. 142 4c 36166. 91 6p’ 1F3;— 445 5 
2681. 597 10 37280. 14 5d’’ 1Ds 13, 2764. 250 2 36165. 50 5d’ 3P3 13.,3 
2682. 160 15 37272. 31 5d 5D§ 6p’! 3P, 2765. 149 20 36153. 74 5d’ 3F3 Af’ 3F; 
2683. 392 3 37255. 20 5d’ 1F3 135, 3 2765. 660 200 36147. 06 5d’ 3F3— 4f’ °G, 
2685. 160 2c 37230. 67 2769. 734 2c 36093. 89 

2686. 154 20 37216. 90 5d 5D; Tp *P, 2770. 695 20 36081. 37 6s’ 3Ds— 6p’’ 3P. 
2687. 164 le 37202. 91 2775. 306 Lh 36021. 43 

2688. 536 5 37183. 92 2775. 613 l 36017. 45 

2688. 981 200. 37177. 77 2775. 856 4 36014. 29 5d’ *Di— 4f’ IP, 
2689. 192 30¢ 37174. 85 5p> 3P3s— 6p’ 1D 2776. 241 2 36009. 30 6p’ *F.—10d *D§ 
2689. 722 le 37167. 53 2776. 990 te 35999. 59 6s’ 3Dj— 6p’’ !P, 
2691. 652 l 37140. 88 2781. 129 10d 35946. 01 5d’ 3Di— 4f’ 1D, 
2698. 040 lh 37121. 74 6p 3P, 9s  3Sj 2782. 793 Lh 35924. 52 
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TaBLeE 10.1. Observed lines of I 1—Continued 


\(air) Intensity Wave Classification \(air) Intensity Wave Classification 
number number 
2783. 290 8 35918. 11 2856. 798 8 34993. 95 6p’ °F, 21% 
2784. 243 10 35905. 81 5d 3Ds3 (p *P; 2857. 132 15 34989. 86 5d’’ 3D3 43,4 
2788. 236 le 35854. 40 2857. 515 35 34985. 17 5d 3D3 1p Ps 
2788. 696 1h 35848. 48 2859. 376 20 34962. 40 6p’ 3D.—10d #Ds 
2788. 911 5¢ 35845. 72 Gp’ IF 425 2860. 602 35 34947. 41 6s’ 3D; 6p’’ 3P, 
2789. 0£6 10 35843. 85 6p’ *F.—10d 3Ds3 2861. 290 3 34939. 01 pa =a, ay” 
2789. 601 30c 35836. 85 5d’ IDs 72. 2861. 838 10) 34932. 32 5d’ 3Gi— 4f’ 3G, 
2790. 060 10 35830. 96 6p’ 3D, 203 » 2865. 184 6 34891. 53 6p °P.— 6d’ 93 
2790. 573 lc 35824. 37 2865. 458 4 34888. 19 Gp’ 3F;—10d 3%Ds3 
2790. 994 th 35818. $7 2865. 766 5d 34884. 44 5d’ = 3P3 81.0 
2791. 524 2c 35812. 17 2867. 021 20c 34869. 17 5p> 1P% 6p’’ IP, 
2792. 724 6 35796. 78 5d’ = 3P3 12). 2867. 704 le 34860. 87 
2793. 933 6c 35781. 29 2867. 970 2 34857. 64 
2797. 089 10- 35740. 92 5d’ °F Bf = 3F, 2869. 767 7 34835. 8! 6s’’ 3P3— 4f’ 3D, 
2797. 367 20c 35737. 37 2870. 635 2 34825. 28 6p’ *D, Sd 3D3 
2799. 632 6c 35708. 46 2871. 416 l 34815. 80 
2804. 766 8 35643. 10 5d’ 3Di— Tp’ 1D. 2872. 788 7 34799. 18 6p  °P,— 6d’ 63,2 
2805. 564 4 35632. £6 6p 5P.— Td 313 2873. 208 Be 34704. Oe 6s’ 3D3— 6p’’'D, 
2808. 594 200 35594. 52 5d’ 3G3 4f’ 3H; 2873. 667 | 34788. 53 
2809. 789 10 35579. 38 5d’ '1F3 62,354 2874. 281 | 34781. 10 
2811. 927 le 35552. 33 2874. 550 | 34777. 85 6p’ 3P,— 473, 3 
2812. 210 4c 35548. 75 5d’’ 3D3 7: 2875. 738 = 34763. 48 
2812. 692 2 35542. 66 2876. 262 5 34757. 15 5p> 3P5 6p’’ 8P, 
2815. 118 3 35512. 03 2877. 212 2c 34745. 67 
2816. 821 15 35490. 56 5d’ 3D; 4f’ 3D, 2878. 632 1500 34728. 54 5d 3D3 4f 3F 
2817. 090 le 35487. 18 6p’ 1F;—12d 3D3 2879. 021 30 34723. 84 5d 2D3 6p’’ 3D» 
2817. $09 l 35476. 86 2879. 172 Sh 34722. 02 
2819. O86 25 35462. 05 5d’’ 1Ds 50,3 2883. 019 60 34675. 69 6s 5S5 6p’ 3P, 
2823. 629 le 35405. 00 6p’ 3F;— 333 Do0°* eae 6p’ 3D 8s’ 3D3 
2824060 10 35399. 60 Bi’ 3Fi— 5f 3K; 2883. 440; 10 S070. GS { Gp’ 3D: 263 
2883. 996 l 34663. 94 
2825. 461 4 35382. 04 5d’ 1P;i 12,,. 
2826. 004 3 35375. 24 2885. 949 | 34640. 49 
2826. 814 30 35365. 11 5d’ 3D; 7p’ 3F, 2886. 446 10 34634. 52 6p’ 3D, 8s’ 3D? 
2829. 338 | 35333. 56 2886. 961 3 34628. 35 6p  ®P, 6d’ 23 
2829. 837 8c 35327. 33 6p 5P;— 7d 5D; 2888. 024 I 34615. 6 6p’ 3P» 443, 
2888. 874 Z 34605. 42 6p’ *D» 253.2 
2830. 110 30 35323. 92 6p’ IF; 403 
2830. 735 | 100 35316. 12 5d’’ 3D a 2890. 137 1 34590. 29 
2832. 494 1] 35294. 19 2890. 498 10 34585. 97 5d 3Ds ip 5P» 
2832. 736 3 35291. 18 6p’ *F.—I11s 3S} 2891. 462 7 34574. 44 5d’’ 1D3 39.3 
2833. 495 20 35281. 73 6p *P, 7d 5D§ 2892. 878 3 34557. 52 6p °P 7d 3D3 
2893. 566 le 34549. 30 
2836. 768 10 35241. 02 : x = ee : as ake 
2838. 482 1h 35219. 74 6p 5P, 7d 5D; 2893. 847 7 34545. 95 5p 3P% ip 5P, 
2840. 236 6 35197. 99 5d’ 3F3— 5f 4F, 2894. 114 10 34542. 76 Gp *F,— td *Di 
2840. 438 6 35195. 49 5d’ 3F3 5r 5B, 2894. 377 & 34539. 62 6p’ 3F, 203, 
2840. 970 25 35188. 00 2895. 354 3 34527. 97 5d’ 3F3 Tp’ *D2 
2895. 498 15 34526. 25 5d’ 3Gj3 5f 3F, 
aoe |  s cares aa Cp’ 24i-. | 9896. 813 10 34510. 58 Gp’ 3P; 13%, 
9842. 175 4 3R oe iii = 2897. 909 10 34497. 53 
2842. 175 7 35173. 98 5d Ds 5», 2900. 253 15. 24469. 65 Bi’ 1p @ 
2844. 121 25 35149. $2 6p  ®P,— 7d 5Ds3 oak mae “% ae ae - Es > go 
2846, O86 50) 25114. 54 6p *P,— 7d 5D 2903. 015 10 34436. 86 5p’ *P3— 4f ‘F; 
53 j , 2903. 488 l 34431. 25 6p’ 3F 26 
2847. 442 20 35108. 92 6p’ IF 393 2906. 004 2 34401. 44 6p’ 3P, 47}, 
2848. 272 I 35088. 68 6p’ *D 165 2909. 390 Be 34361. 40 5d’ 3D3s— 6p’ 1D» 
2849. 671 10 35081. 46 2910. 567 8 34347. 51 5d’ 3P3 5p, 
2851. 170 le 35063. 02 6p’ 3D 30 2910. 806 | 34343. 51 5d 3D: Af 5 
2851. 723 7 35056. 22 6p’ *D 445 2914. 458 20 34301. 65 i *D— 2 0_—s«- sz 
2852. 060 20¢ 35052. 08 6s 583 6p’ 3P; 2915. 061 L5e 34294. 56 Gp’ 3P. $2 
2852. 290 8 35049. 25 5d 3Di— Tp 3Po 2915. 762 3 34286. 31 5d’ 3D 3», 
2852. 852 25 35042. 35 6p °P Wd 5D3 2915. 881 10 34284. 91 5d 3D5 Af 45F, 
2854. 168 80 35026. 19 5d ?*D3— 4f 3F, 2916. 146 { 34281. 80 6p’ 3P, 465 
2854. $64 4 35016. 42 6p  *P,— 6d’ 48 2917. 740 8 34263. 07 6p’ 3P, 38) 





TABLE 10.1. Observed lines of I 11—Continued 


d(air) Intensity Wave Classification \(air) Intensity Wave Classification 
number number 
2917. 911 2 34261. 06 6p’ 3P, 453,2 2990. 484 20¢ 33429. 65 6p’ 'P, 303 
2919. 715 6c 34239. 90 6s  °Si— 6p’ 'D, 2992. 391 2c 33408. 35 
2920. 122 10 34235. 12 6s  5S83— 6p’ 3D; 2993. 866 | 1000 33391. 89 5d *Di— 4f 3F, 
2921. 134 6c 34223. 26 6p 5P.— 7s’ 3D3 2994. 991 20 33379. 35 6p’ 3F,— 8s’ *D3 
2921. 686 8¢e 34216. 80 2996. 734 100¢ 33359. 94 5p 3P3— fip’ 3N, 
2921. 982 50 34213. 33 6p’ 3D, 403 2997. 189 25c 33354. 87 5d 5D3— 6p’ !D, 
2925. 087 80c 34177. 02 5p} 3P3s— 6p’ 3P, 2998. 229 10d 33343. 30 6p’ 3F.— 8s’ 3D; 
2926. 769 3¢ 34157. 38 2999. 498 20¢ 33329. 20 6p’ !P;—10d *Ds3 
2927. 388 2c 34150. 15 Gp’ IF: 363 3000. 694 40 33315. 91 6p °*P,— 7d 3°D3 
2927. 664 le 34146. 93 3004. 858 8 33269. 75 6p 3P,— 6d’ 53 
2927. 850 30 34144. 76 3007. 318 l5e 33242. 53 
2928. 758 4c 34134. 18 Gp’ 3P, 433,> 3010. 480 7c 33207. 62 6p’ 'P, 293 
2929. 112 60 34130. 05 3012. 712 20 33183. 02 6p *Pe— 7d *Di 
2930. 627 2 34112. 41 6p’ 3D, 217 3018. 042 30c 33124. 42 6s  S3— 6p’ 'F; 
2931. 720 200 34099. 69 6p 5P 7d 5D 3018. 249 20¢ 33122. 1: 6s’ *D3— 6p’’ 3P, 
2932. 911 10¢ 34085. 85 6s’ 3Pi— 7p’ 1D, 3018. 826 5c 33115. 81 5p5 3P§— 6p’’ 3D, 
2933. 394 l 34080. 24 6p 5P,— 6d’ 13 3020. 751 35¢ 33094. 71 5d’ 3Di— 4f’ 3P, 
2933. 638 5 34077. 40 6p 5P;— 8s 383 3020. 950 7d 33092. 53 5d’’ 1Ds lo,3 
2934. 963 25 34062. 02 Gp’ 3F; 243,» 3021. 214 100 33089. 64 5d %Di— 6p’’ 3D, 
2936. 954 40 34038. 93 6p 5P;— 7d 5D3 3023. 211 lh 33067. 78 5d’ 1G3— 4f’ 3D, 
2938. 155 6 34025. 01 5d’ *G3— 5f  4F; 3024. 948 l5e 33048. 80 5d’ 3F3— 4f’ IP, 
2940. 471 40 33998. 22 6p’ 3D: 394 3031. 204 30¢ 32980. 59 5d’ 3Fs— 4f’ '!D, 
2941. 778 4 33983. 11 5d’ 3G3— 5f 5F, 3032. 039 80c 32971. 51 6p %P,— 7d *D3 
2942. 429 60 33975. 59 3033. 856 35 32951. 76 5d %Di— Tp 5P, 
2942. 923 10 33969. 89 6p 5P.— 8s 383 3035. 807 10) 32930. 59 5d’ 3P§— 6p’’ 'P, 
2943. 192 15 33966. 79 6p  P 7d 5Ds 3036. 973 te 32917. 94 5d 5D3— 6p’ 'D, 
2943. 267 l 33965. 92 3040. 888 l5e 32875. 56 5d’ *Fy— 47° ‘Ps; 
2943. 842 2 33959. 29 5d’ 3Fs— 6f °F, 3041. 207 le 32872. 12 5d’ 3F3— 7p’ 3F; 
2945. 857 10¢ 33936. 06 6p’ 3P,—12d 3D3 3041. 735 l5e 32866. 41 5d’ 3G3— 4f’ 'D, 
2946. O81 8c 33933. 48 6s’’ 2Pr— 4/f’ 3D, 3042. 243 3d 32860. 92 5d’ 1D3— 6f 3F; 
2947. 055 10 33922. 26 6p’ IF 353, 3043. 530 8d 32847. 03 
2947. 927 40 33912. 23 6p’ 3F, 393 3045. 391 30 32826. 96 5d’ *Di— 7p’ °P, 
2948. 642 25 33904. 01 5d’ *G3— 6f 3F, 3049. 691 80c 32780. 67 6s’ 3D3— 6p’’ 3D; 
2950. 152 6 33886. 66 Sd’ *F:— 6f *F 3051. 188 2 32764. 59 6p’ 'P,—I1ls 583 
2953. 773 5 33845. 12 5d’ 3G3— 6f 3F, 3051. 792 40¢ 32758. 11 5d’ %G3— 7p’ 3F; 
2955. O86 20¢ 33830. 08 3053. 072 3 32744. 37 5d’ 3S8i— 7p’ 3D, 
2955. 795 1h 33821. 96 3053. 177 25 32743. 25 5d’ 3F3— 7p’ 'P, 
2956. 236 100¢ 33816. 92 5p> IPi— 6p’’3P, 3055. 365 50 32719. 80 6p’ °Ds; 345 
2957. 008 5c 33808. 09 oe” ti te TEs 3056. 005 90¢ 32712. 95 6s’ *D3s— 7p 3P, 
2957.658 200c 33800. 66 5p> 3Ps— 6p’ 3P, 3059. 322 50 32677. 48 5d’ 3F3— 7p’ 'D, 
2859. 796 15 33776. 25 3061. 716 20 32651. 93 5d’ 3F3— 7p’ 'Fs 
2960. 113 l 33772. 63 6p’ 3P» 403 3064. 603 2 32621. 17 
2962. 632 10¢ 33743. 92 6s’ 1D3— 6p’’!D, 3065. 902 60c 32607. 35 5p> 1Pi— 6p’’ 38, 
2962. 819 | 33741. 78 5d’ 3D3— 6p’’ 'P, 3067. 346 1 32592. 00 
2°67. 350 5 33690. 27 5d’ 3Di— 4f’ 3P, 3070. 042 35 32563. 38 5d’ 3G3— Tp’ 1D, 
2969. 413 25 33666. 86 6p’ IF 333 3070. 705 30¢ 32556. 35 6p’ 3D;— 333 
2970. 694 7 33652. 34 3071. 046 2 32552. 74 
2970. 819 30¢ 33650. 93 5d’ 1G3— 4f’ *H; 3072. 456 80 32537. 80 5d’ 3G3— Tp’ 'F; 
2971. 895 2 33638. 74 3073. 658 7c 32525. 07 5d’ 3F3— 4f’ 3D, 
2873. 766 10 33617. 58 6p 5Pi:— 8s 583 3074. 132 3 32520. 06 
2974. 880 20. 33604. 99 5d’’ 1Ds 2», 3074. 255 8 32518. 76 5d 3D3— 4f 3F, 
2977. 656 4 33573. 66 6p °*P.— 7d 3D} 3075. 678 4 32503. 71 
2978. 287 4c 33566. 55 5d’ 1Ds— Sf 5F 3076. 210 20 32498. 09 6p’ *D.— 8s’ *D3 
2979. 044 25c 33558. 02 3077. 708 40¢ 32482. 28 5d’ *G3— Tp’ 3F, 
2979. 487 2 33553. 03 6p 5P;— 6d’ 23 3078. 754 5000 32471. 24 5d *D3— 4f AF 
2980. 322 7c 33543. 63 6p’ IP, 315 3079. 641 20 32461. 89 6p’ §Dy— 8s’ *Dj 
2981. 162 2c 33534. 18 3082. 229 60 32434. 63 6p ‘P;— 8s 583 
2983. 312 50 33510. 02 6p 5P,— 8s 583 3083. 315 4 32423. 21 : 
2986. O11 | 33479. 73 3084. 278 6c 32413. 09 6p’ 3F;— 9d %D3 
2987. 789 6 33459. 80 5d’ 3P3 32,3 3085. 509 60¢ 32400. 16 
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A(air) | Intensity pee Classification (air) Intensity Wave Classification 
number number 
3086. 446 3 32390. 32 3186. 440 20 31373. 91 5d’ 1D3— Tp’ 
3086. 989 4 32384. 62 6p’ 3Ps 295 3189. 680 20 31342. 05 6p %°P,— 6d’ 
3089. 652 20d 32356. 71 6s’ *Di— Tp 3Po 3194. 682 35 31292. 98 5d’ 3P§ 
3090. 476 10¢ 32348. 08 5d’ *D3s— 6p’’ 3D 3195. 610 bc 31283. 89 6p’ 1D, 
3090. 609 25 32346. 69 6p %°P,— 7d 3D3 3197. 074 10d 31269. 56 5d’’ 3P3 
3092. 698 l5ec 32324. 84 3197. 514 2 31265. 26 5d’ 3S;— 4’ 
oor Gee l 32310. 88 3197. 711 2 31263. 33 6p’ 'D» 
3096. 384 L5c 32286. 36 3198. 069 2c 31259. 83 
3096. 459 10 32285. 58 5d’ %G3— Tp’ °F» 3199. 891 60 31242. 04 6s 38} 6p’ 
3097. O75 1h 32279. 16 6p’ 3P. 345 3201. 547 3¢ 31225. 88 5p> 'P% 7p 
3099. 064 35 32258. 45 6p’ °F 8s’ 3D5 3204. 517 5e 31196. 94 of” 6“ 4 
3099. 925 60c 32249. 49 5p’ 3P3— 6p’ 'F 3204. 894 2 31193. 27 6p 3P,— 8s 
3101. 067 3c 32237. 61 3208. 946 25 31153. 88 5d’ 1D3s— 4f’ 
3102. 663 60 32221. 03 5d *D3— 4f °F; 3209. 664 30¢ 31146. 91 6s  5S3— 6p’ 
3104. 171 10 32205. 38 5d’ 3Pi 12), 3221. 493 3 31032. 55 5d’ 383 7p 
3106. 665 40 32179. 52 5d’ 3F5 $f’ 3G; 3229. 081 { 30959. 63 5d’ %Si— 7p’ 
3112. 838 30¢ 32115. 71 6p’ 3P» 333 3231. 433 2 30937. 09 6p *P.— 7s’ 
3113. 026 10 32113. 77 5d’ 3D5 ip’ *P, 3235. 951 5 30893. 90 5d’ 383 7p’ 
3116. 441 8 32078. 58 5d 3D3— Tp ‘P» 3238. 909 25c 30865. 69 6s 3S;— 6p’ 
3117. 071 30c 32072. 10 6s’ 1D5 6p’’ 8P, 3239. 245 20¢ 30862. 48 6s’ IDs 6p’’ 
3117. 718 40¢ 32065. 44 5d’ *G§3— 4f’ %Gs 3252. 008 3 30741. 36 a. SI 
3119. 878 5 32043. 24 3256. 460 100c 30699. 34 6s’ 3D; if 
3121. 648 15c 32025. 08 6p’ 'P, 20,2 3257. 814 2 30686. 58 
3125. 976 50 31980. 74 5d’ 3Dj if’ 3F, 3258. 125 20 30683. 65 6p 3P>2 Ss 
3128. 507 35c 31954. 87 5d’ 1Ds— 4f’ 1D, 3265. 309 30616. 15 5d’ 38i— Tp’ 
3128. 638 10 31953. 53 6p’ 3Po—lls 4Si 3267. 320 5c 30597. 30 6s’’ 3P;% Sp 
oe 25c 31909. 96 6p = 6d’ _ 3270. 440 { 30568. 12 
3133. 397 50c 31905. 00 5p %P3s— 6p’ 'P, 3271. 534 1 30557. 89 
3133. 618 10¢ 31902. 75 6p’ 3P, 345 3276. 536 30¢ 30511. 24 5p®> 3P3 6p’ 
3136. 473 100d 31873. 71 5d’ 3G3— 4f’ 3F, 3278. 418 Id 30493. 73 6p’ 3D,— 6d’ 
3137. 604 60 31862. 22 5d’ 3Di— 8p 3P, 3279. 256 2c 30485. 94 
3138. 830 90¢ 31849. 78 5d’ 1D3 4f’ JF; 3288. 860 100c 30396. 92 6s’ 3D; 6p" 
3140. 946 8 31828. 32 6p %P2— 7d 5D§ 3296. 368 3¢ 30327. 68 5d’ 3P3s— 7f 
3144. 212 l 31795. 26 3300. 133 10 30293. 09 6p 3Po— 8s 
3144. 997 l 31787. 33 3301. 538 20¢ 30280. 20 5p? IPi— Tp 
3145. 346 2 31783. 80 3302. 457 150c 36271. 77 5p> 3P3 6p’ 
3148. 089 8 31756. 10 6p 3P» 7d §D$ 33038. 841 15 30259. 09 6s’ 3Di 7p 
3149. 636 8 31740. 51 3307. 701 10 30223. 78 Gp  3P, ds 
3151. 915 2 31717. 56 5d 1D3— 7p’ 'P, 3309. 502 | 30207. 33 
3153. 078 5c 31705. 86 5d 3D3 4f 5F; 3312. 374 10d 30181. 14 6s’ 3D; 6p’’ 3 
3155. 573 31680. 79 6p’ IF; 203,2 3313, 825 30167. 93 
3155. 864 10 31677. 87 5d 3D3— 4f 5F, 3314. 478 3 30161. 98 
3157. 337 3 31663. 09 5d’ 3Di— Tp’ 3D, 3315. 326 2c 30154. 27 shi ‘ 
3158. 080 20 31655. 64 6p 3P, 6d’ 15 3318 O88 10) 20129. 17 f 5d’ F3 4f 
3158. 357 20 31652. 87 6p 3P;— 8s 3S} | Gp’ 3P2— 
3319. 210 2 30118. 98 6p’ *D,— 9s 
« xo val ‘ 4 = a Le | P + ee 
zou See »” 31651. 78 5d’ 1Di— 7p’ 'D2 3321. 099 30101. 85 
3159. 175 ] 31644. 64 339] 641 | 20096 O4 
3161.027 | 200 31626. 13 5d’ 1D3— 7p’ 'F; sae 7 } rr Sr 1pe_ Ty! 
capa n ad ec ad og AS ‘he 3323. 700 2 30078. 30 6s’! 1Pj— Tp 
3163. 935 40c 31597. 07 5d’ 38D3 6p’’ 3P» 2396 405 SOc 20053, 84 Sq’ 3K 6p" 
3169. 88 5e 21537. 76 - II 3Do 4f’ 3p, DOLD. Te Ur ' 99. OF t 4 
3169. 882 15« 31537. 79 Os P; tf P, 3397 256 "i 30046. 15 
3173. 509 3¢ 31501. 75 7 ao 3330. 708 2c 30015. 01 5d’ 3G3— 4f’ 
3173. 752 5e 31499. 34 5d’ ‘Di 4f” Di 3331. 585 6 30007. 11 5d’’ 3P3 
3175. 066 1000 31486. 30 op” = i 6p Fi: 2331 754 g 30005. 59 6p’ 3Py— 8s’ 
3176. 630 15c 31470. 80 63" ‘D3 Op’ *Pi 3334. 536 2c 29980. 56 5d ‘D3— 6p’ 
3177. 828 10 31458. 94 63s’’ 3P5 ip 72 3340. 351 3c 29928. 37 6s’’ 3P3 4f’ 
3178. 064 I 31456. 60 6p’ *D,— 8d 3D; 3341. 289 100 29919. 97 5d 5 DS— 6p’ 
3180. 575 10c¢ 31431. 76 5d’’ 3P3 81,2 3345. 342 25c 29883. 72 5d’’ 3Ds 
3182. 602 2 31411. 75 3345. 607 3c 29881. 35 5d’ 3F3 $f’ 
3182. 709 10d 31410. 69 6s’ 3D; 7p %P, 3346. 219 2c 29875. 89 
3184. 489 4c 31393. 13 6s’ *3Ds— Tp 5P, 3347. 857 10¢ 29861. 27 5d’ 3F3— 7p’ 
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d(air) Intensity Wave Classification | A(air) Intensity| Wave | Classification 


number number 


3349. 286 20 29848. 53 5d’ 3F3s— 7p’ 3D; 3464. 540 te 28855. 60 5d’ 1D3— 4f’ 3P, 

3351. 394 30 29829. 76 5d’ 3F3— 6p’’ 3P, 3466. 953 10 28835. 51 5d’ 1D3— 7p’ 3P, 

3352. 823 10¢ 29817. 04 5d’ 3Di— 6p’ 8, 3467. 261 5e 28832. 95 6s’ 3D3— Tp 5P; 

3352. 928 2 29816. 11 6p’ 'Ds 38% 3468. 046 30¢ 28826. 43 6s’ ®Ds— 4f 3F, 

3355. 531 300 29792. 98 6s 3Si— 6p’ 3Po 3468. 486 20 28822. 77 5d’ 1D3— Tp’ *Dsz 
3359. 961 150¢ 29753. 70 6s’ 3D3s— 7p 3P, 3469. 342 | 28815. 66 

3360. 699 8¢ 29747. 17 5d’ 3G3— 7p’ 3P, 3470. 131 6 28809. 11 

3362. 137 7 29734. 44 5d’ %*G3— 7p’ 3D; 3478. 279 3¢ 28741. 62 

3362. 598 20¢ 29730. 37 6s’’ 3P3— 7p’ 'D, 3481. 569 | 28714. 46 

3363. 367 2 29723. 57 3482. 917 | 28703. 35 6s’ 1D3— 7p 3P, 

3365. 500 20¢ 29704. 73 6s’’ 3P3— 7p’ IF; 3483. 706 5 28696. 85 

3366. 575 7d 29695. 25 3483. 894 60c 28695. 30 6s’ 3Di— 6p’’ 3D, 

3374. 457 100¢ 29625. 89 5d 5D3— 6p’ 3F, 3488. 509 15 28657. 34 5d’ 3Fs— 4f’ 3D; 
3378. 475 6c 29590. 66 Sp> 3Pi 6p’ IP, 3489. 100 2 28652. 49 

3380. 983 30¢ 29568. 71 5p> IP7— 4f 3F, 3489. 561 4 28648. 70 

3382. 711 2 29553. 60 3490. 488 l 28641. 09 

3383. 858 80c 29543. 58 5d 5D3— 6p’ 3P, 3491. 273 | 28634. 65 

3386. 377 4e 29521. 61 5d’ 1S3— 4f’ 'P, 3492. 916 4 28621. 18 5d’ 3D3— 32.3 
3390. 214 15e 29488. 20 5d’ 3F3— 6p’ 3D; 3495. 624 le 28599. 01 6s’’ 1Pi— 4f’ 'P, 

3391. 360 Ze 29478. 23 7s 385 83,2 3496. 408 5 28592. 60 6p’ 3P,— 8s’ 3D3 
3394. 192 Ze 29453. 64 3497. 406 300c 28584. 44 5d %D3— 6p’ 'D, 
3399. 537 8 29407. 33 3498. 372 2 28576. 55 

3400. 316 5 29400. 59 3498. 500 1 28575. 50 

3401. 500 50c 29390. 36 5p> 3P3— 6p’ 3F, 3498. 985 25¢ 28571. 54 6s’ 3D3— 6p’’ 3D, 
3402. 587 de 29380. 97 3500. 824 2 28556. 53 6p’ 3P,— 8s’ *D} 
3409. 138 2¢ 29324. 52 3502. 457 2 28543. 22 5d’ 3G3— 4f’ 3D; 
3409. 692 7c 29319. 75 3503. 459 35c 28535. 06 6s’ 1D3s— 7p 3P; 

3409. 938 30c 29317. 64 Sd *Di— Gp’ °F, 3503. 996 30c 28530. 68 6s’ 1P;— 4f’ 1D, 
3411. 173 | 29307. 02 3504. 729 le 28524. 72 

3415. 911 30¢ 29266. 37 5p) 1Pi— 6p’’ 3D, 3510. 630 10 28476. 77 5d’ 1D3s— 4f’ 3D, 
3416. 759 5 29259. 11 3511. 357 20 28470. 88 5d’ 3G3— 4f’ 3F; 

3417. 606 5 29251. 86 3512. 177 100 28464. 23 5d’ 3G3— 4f’ 3G, 
3421. 805 7 29215. 96 5d’ 1S8§— 7p’ 'P, 3513. 304 2 28455. 10 

3421. 987 3 29214. 41 3513. 971 2 28449. 70 

3422. 948 20c 29206. 21 5p> 1Pi— 6p’’ 8P, 3514. 319 I 28446. 88 7s ‘%S3s— 8f 3F; 

3424. 993 | 250c 29188. 77 5d’ 3F3— 8p 3P, 3514. 757 2 28443. 34 

3426. 461 20 29176. 26 5d’ 3G3— 4f’ 3H, 3515. 021 15 28441. 20 5d’ 3Ds— 4f 3F, 

3429. 784 7d 29148. 00 5d’ 3F3s— 7p’ 3P, 3515. 661 3 28436. 02 

3432. O80 25c 29128. 50 5p> 1Pi— Tp ®P, 3516. 504 50¢ 28429. 20 5d 5D§— 6p’ 'F3 

3433. 277 4e 29118. 34 6s’ 3P3— 5f 5F, 3517. 822 3h 28418. 55 5d’ ®G3— 8p 5P.? 
3435. 093 80¢ 29102. 95 5d 5‘D3s— 6p’ 3D; 3518. 688 | 28411. 56 

3436. 712 3 29089. 24 3519. 105 3 28408. 19 

3438. 434 20w 29074. 67 5d’ 3G3— 8p 3P, 3520. 089 5e 28400. 25 5d’ 3D3— 7p 5P3 

3438. 792 3 29071. 65 3522. 007 2 28384. 79 

3440. 510 2 29057. 13 3523. 646 2 28371. 58 

3441. 290 25c 29050. 54 5p> 1P3— 6p’! 3Po 3523. 886 l 28369. 65 

3442. 819 7 29037. 64 5d'’ 3P5 20,3 3524. 095 2 28367. 97 

3444. 433 | 29024. 04 5d’! 3F3 100,3 3524. 292 15 28366. 38 6s’’ 1Pi— Tp’ 3Po 

3446. 365 | 29007. 77 3525. 403 2 28357. 44 6p’ 3D,— 6d’ 1135 
3447. 683 35¢ 28996. 68 6p’ 1D, 353,3 3525. 798 | 28354. 27 

3447. 872 10¢ 28995. 09 5p> 1Pi— Tp 5P, 3526. 223 60d 28350. 85 5d 45Di— 6p’ 3P, 

3450. 764 8c 28970. 79 3526. 904 500 28345. 38 5d’ 38;— 4f’ 3P, 
3454. 191 4 28942. 05 3527. 385 4 28341. 51 5d’ *Pi— 7p *P, 

3455. 886 1 28927. 85 3528. 062 2 28336. 07 6p’ %F,— 6d’ 143 
3458. 654 20 28904. 70 6p’ 1D, 345 3528. 574 2 28331. 96 

3459. 108 10 28900. 91 5d’ 3G3— 4f’ 3F, 3528. 810 1 28330. 07 

3459. 626 3 28896. 58 5d’ 3F3s— 8p 3P, 3529. 316 2h 28326. 00 

3461. 812 I 28878. 34 3529. 540 | 28324. 21 

3462. 097 1 28875. 96 3531. 331 5h 28309. 84 6p’ °D,— 6d’ 103 
3462. 332 2c 28874. 00 6s’ 3Ds— 4f 3F, 3533. 379 60 28293. 43 6s’ 1P7— 7p’ IP, 
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3533. 648 10 28291. 28 5d’’ 3D; 812 3649. 144 3h 27395. 88 
3535. 876 70 28273. 45 5d’ 3G3— 6p’ 3D; 3650. 800 20c 27383. 46 6s’ !Ds— Tp 5P. 
3537. 561 10c¢ 28259. 99 6s’ *P:— 6p’ 1S, 3652. 299 | 27372. 22 6p’ *D.— 67’ 133,> 
3538. 334 lh 28253. 81 6p’ 3F,— 6d’ 123,; 3653. 355 15 27364. 30 5d’ %Si— 7p’ ®P, 
3539. 628 l 28243. 48 3655. 423 5h 27348. 82 5d’ 3D3 4f 8F, 
3541. 605 100 28227. 72 6s’’ 1P}— Tp’ 'D, 3657. 060 100 27336. 58 6s  3Si— 6p’ 3D, 
3543. 319 I 28214. 06 5d’ 3Fs— 5f 3F, 3661. 792 50c 27301. 26 5d’ 3D3— 4f 3F, 
3547. 170 1 28183. 44 3662. 816 2 27293. 62 
3549. 734 2 28163. O8 5d’ 1Ds 8p 3P. 3671. 889 l 27226. 19 
3552. 196 100c 28143. 56 5d’ 3Ds 4f 3F, 3677. 87 3c 27181. 88 Ga" Ps if’ 3P, 
3552. 782 20 28138. 92 5d’ 3Ds 6p’’ 3D» 3685. 694 3¢ 27124. 21 5d’’ 1D3 if’ ID, 
3553. 034 8c 28136. 92 5d’ 1F3— 6f *F, 3692. 266 5c 27075. 93 5p> %*Pi— 6p’ 3F, 
3553. 843 I 28130. 52 3695. 633 le 27051. 26 5d’ 3D3 4f 3F; 
3554. 873 5 28122. 37 5d’ 1Ds— Tp’ 3P, 3696. 292 l5e 27046. 44 5d’ 3D3— 6p’ *D, 
3555. 039 2c 28121. 05 5d 5D: 6p’ IF; 3700. 027 l 27019. 14 5d’ 1D3 if’ IF, 
3555. 576 2 28116. 81 3700. 703 | 27014. 21 
3558. 008 50 28097. 59 5d’ 3S:— 4f’ 3P, 3703. 426 5e 26994. 34 5d’ IFS if’ IF; 
3560. 542 | 200 28077. 59 5d’ 38i— Tp’ 3P, 3709. 498 10¢ 26950. 16 5d 3Di— Gp’ 'D, 
3563. 001 5 28058. 22 5d’ 3G3 5f 3F, 3714. 466 le 26914. 11 6s’ *P3 ip’ *P2 
3566. 158 2 28033. 38 6s’ 3D3 4f 5F, 3715. 233 de 26908. 56 5d’ 3D3 ip *P. 
3569. 696 I 28005. 59 3716. 170 50 26901. 77 5d 5Di— 6p’ 3Po 
3569. 888 6 28004. 09 6p *P,— 7s’ 3D3 3725. 274 I 26836. 03 5d’’ 3D3— 4f’ 'D, 
3570. 278 10c 28001. 03 5d’ 3Ds Tp  ®P, 3727. 200 2 26822. 16 5d’ *P7 Tf 3F, 
3571. 386 10c 27992. 34 5d 45Ds 6p’ IF 3727. 330 10 26821. 23 5d"’ 1Ds— Tp’ 'D» 
3571. 769 10d 27989. 34 5d’ 1Ds if’ 3F, 3729. 580 l 26805. 05 5d’ 1Ds 5f 3F-: 
3573. 680 200¢ 27974. 37 5d 5Di— 6p’ 3P, 3730. 890 25 26795. 64 5d’ 1D 7p’ 'F 
3575. 861 70 27957. 31 5p®> 3Pi 6p’ 3D,» 3734. 366 60¢ 26770. 70 5d’ IFS 7p’ 'F 
3576. 826 l 27949. 77 6s’’ IP; Tp’ 3F, 3739. 327 2 26735. 18 6d 5Ds Of 5F,' 
3579. 477 I 27929. 07 3740. 358 te 26727. 81 5d’’ 3D3 Tp’ 3F, 
3586. 568 3¢ 27873. 85 5d’’ 3Ds 6f 3F, 3740. 900 2 26723. 94 
3586. 946 10 27870. 92 5d’ 1Ds— 8p 3P, 3742. 138 200 26715. 10 5d’ 1F3— Tp’ °F, 
3587. 105 I 27869. 68 5d’ 3F3 13, 3744. 138 26700. 83 6d *Ds— Of 5F;? 
3987. 363 3c 27867. 68 5d’ 3Ds Tp ®P, ae. ee , aux = 4f 3F, 508, 
3588. 505 i 27858. 81 3749. 553 Ge 26690. 74 6d 5Di— OF FFs’ 
2506 5 OTR‘ u5 We id Ie af 3K es » FT 4 
3592. 110 15 27830. 85 5d’ 3Fs— 5f 31 3746. 008 3, 26687. 50 | Sp v4 “1 .) 
3592. 738 f 27825. 98 
3593. 030 lh 27823. 72 6s’ IDs 4f 3F, 3748. 299 te 26671. 19 5d’’ 1F3 11;, 
3594. 691 2 27810. 87 3764. 694 2 26555. 04 6p’ 3D, 6d’ 73, 
3596. 204 l 27799. 17 3766. 364 3 26543. 26 5d” 1Ds— Tp’ 3F, 
3597. 13: | 27791. 99 3767. 804 te 26533. 12 5d’’ *3D3— 7p’ 'D, 
3769. 287 I 26522. 68 
3598. 012 3 27785. 20 
3606. 902 1 27716. 7% 5d’ 3G3 5f 3 3769. 891 5 26518. 43 5d’ IFS 7p’ *F; 
3611. 680 Sh 27680. 05 5d’ Fs 6; OF, 3771. 453 10 26507. 45 5d’’ 3D3— 7p’ if 
3612. 769 2 27671. 71 5d’ 1Ds— Tp’ 3D, 3772. 506 | 26500. 05 Af 45Fs—12g  %Gé 
3615. 372 3 27651. 78 5d’! 313 Bs 3778. 068 2 26461. 04 5d’ 3F3 7p *P» 
. : 3778. 913 10c¢ 26455. 12 6s 3S} 6p’ 3F, 
oe eee 20d | 27647. 99 sd *D3— Ep’ IP, 3779. 374 | 25 26451. 90 5d’! 3D3— Tp’ 3F, 
O14. 1566 l 27638. 30 3781 442 20 26437. 43 4’ 3q) 6n’ 3D 
3618. O14 6 27631. 59 5d’ ID3s— 4f’ 3D on aan ars cee ae Sa 
» ere . 97-e9e@ 7 - Jf 8Zo -¢ ES hy 3787. 772 l 26393. 25 4 f 3F, D003 
3618. 652 4 a1Se6, G 5 ek ee 3789. 289 5 26382. 68 5d 5D3— 6p’ 3F 
3620. 408 l 27613. 32 5d’’ 3D S/ 5F. 3792 1 17 | 2362. 80 
3620. 691 27611. 16 6p 3Po— @s’ 8D i 3793. 419 10 26353. 96 5d’ IS3— 4f’ 3P, 
3626. 755 20 27565. OO oe ori Gy 72), 3800. 176 2 26307. 10 
3627. 507 15 27559. 28 5d’ 'Ds os 3801. 073 2 26300. 89 
1627. 785 3 27557. 17 5d’ 3P3— 7p’ *D» 3801. 453 5d? ~—s- 26298. 26 5d’ IF3s— 4f’ 3G; 
3631. 880 6c 27526. 10 65’ 1D3 tf §=63F, 3804. 274 1 26278. 76 5d’ 3Ds 6p’ IP, 
3632. 500 10 27521. 40 6s’ 1Ds— 6p’’ 8D, 3804. 720 | 26275. 68 
3633. 665 I 27512. 58 5d’ 3G3— 5f >5F; 3804. 843 6 26274. 83 6s’’ IP7— 4f’ 3Ppo 
3640. 432 le 27461. 44 3807. 840 10 26254. 16 5d 5D3— 6p’ 3F 
641. 130 l 27456. 18 3809. 651 5e 26241. 68 6s’’ 3Ps— 8p 3P. 
3648. 812 2h 27398. 37 6p’ 'D» 24) 3815. 519 l¢ 26200. 82 68/’ 3P3 Tp’ 3P, 
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3818. 597 2 26180. 20 6p’ 3D,— 7d 3D; 4086. 888 I 24461. 59 

3826. 022 | 26129. 39 1089. 598 3 24445. 38 5d 5Di— 6p’ *D, 

3829. 355 | 26106. 65 5d’ 1F3s— 4f’ 3F, 4094. 310 | 24417. 25 6p’ 3P,— 9s 38} 

3833. 736 35¢ 26076. 82 5d 3D3s— 6p’ 'D, 4094. 598 5 24415. 53 6p’ 3P,— 6d’ 15} 

3842. 914 25 26014. 54 5d 5DS— 6p’ 3D, 4095. 232 le 24411. 75 

3848. 808 I 25974. 70 1100. 186 2 24382. 26 6p’ 3D.— 6d’ 7Ti,2 

3850. 818 8 25961. 15 6p ‘°*P.— 6d 3D3 4102. 895 6 24366. 16 6p’ *>D;— 6d’ 143 

3851. 243 | 25958. 28 4103. 463 I 24362. 78 6p’ 3D,— 7d 5D3 

3857. 334 | 25917. 29 if 5F;—1lg 5G 4107. 818 3 24336. 96 

3870. 276 I 25830. 63 4109. 658 2 24326. 06 

3871. 878 3 25819. 94 6s’ 'Ds— 6p’’ 3D, $111. 646 3 24314. 30 6p’ 3F;— 6d’ 8} 

3877. 198 25 25784. 51 5p? 3Pi— 6p’ 3D, 4115. 615 3 24290. 85 

3879. 028 5 25772. 35 5d’ 3P3-— 7p’ 'P, 4116. 294 6 24286. 84 6p’ 3F,— 7d *D3 

3884. 064 4 25738. 94 6p’ 'P,—- 6d’ 133,2 4116. 438 1 24286. 00 

3893. 000 70c 25679. 85 sp? 3P§— Gp’ 3P, 4116. 823 3 24283. 72 6p’ §Ds— 6d’ 13},2? 

3895. 547 10¢ 25663. 06 5d’ 1Pi— 4f’ IP, 4117. 892 3 24277. 42 

3901. 118 20¢ 25626. 42 5d’ 3P3— 6p’’ 3D, 4118. 813 | 24271. 99 6p’’ 3D, 32; 

3904. 896 | 25601. 62 4119. 599 I 24267. 36 

3905. 917 3¢ 25594. 93 5d’ 1P— 4f’ 'D, 4120. 190 8 24263. 88 6p’ *D,— 6d’ 63,2 

3907. 201 100 25586. 52 5d 3Ds— 6p’ 3P, 4121. 281 3c 24257. 46 6s’ 3Di— 6p’ 'D, 

3908. 940 I 25575. 14 5d’ 3Ds— 7f 3F, $122. 931 4 24247. 75 6s’ 1P7— 7p’ 3D, 

3909. 708 I 25570. 12 5d 5>D3— 6p’ 3F, 4124. 536 2 24238. 31 

3910. 678 2 25563. 77 4126. 093 10 24229. 17 6p’ *D,— 6d’ 45 

3915, 234 30 25534. 03 5d’ *F3— 4f  %F, 4135. 723 I 24172. 75 4f 5F,— 9g *G5 

3924. 018 2c 25476. 87 6p’ 1F;— 6d’ 143 4136. 482 2 24168. 32 4f 5Fy— 9g 5G8 

3931. 169 10¢ 25430. 53 5d’ 1Pi— Tp’ 3Po 4138. 030 Be 24159. 28 6p’ 1F;— 6d’ 103 

3931. 442 15 25428. 76 5d’ 8p 7p’ 3F, 4139. 702 l 24149. 52 

3937. 222 60c 25391. 43 6s’ 3D3s— 6p’ 'D, 4142. 014 2 24136. 04 

3942. 476 20d 25357. 59 5d’ 1Pi— 7p’ 'P, 4145. 865 3 24113. 62 4f 5F;— 9g 5G§ 

3944. 019 I 25347. 67 4153. 136 2 24071. 40 4f 5F,— 9g 5G3 

3945. 000 2c 25341. 37 6s’ 3P;— 6p’’ 'D, 4158. 425 3 24040. 79 6p’ 3Pi— 9s 383 

3952. 724 2w 25291. 85 5d’ 1P3— Tp’ '!D, 4160. 646 4e 24027. 96 6d 3D} 81,2 

3953. 978 2 25283. 83 5d’ 3Fs— 4f 3F; 4162. 565 1 24016. 88 5d’ 3Di— 6p’’ 38, 

3960. 504 | 25242. 17 4162. 689 l 24016. 16 4f 5F,— 9g 5G3 

3961. 538 1 25235. 58 6d 5‘D3s— 8f 3F; 4166. 838 2 23992. 25 5d’’ 1D3— 7p’ 3D; 

3962. 959 15d 25226. 53 5d’ 3Di— 6p’’ 3P, $171. 155 le 23967. 42 5d’ 1F3— 7p’ 3D; 

3965. 544 50c 25210. 09 5d %*Ds— 6p’ 3P, 4173. 810 40c, Z | 23952. 17 5d 3Di— 6p’ 3P, 

3965. 772 10 25208. 64 5d’ %Ps— 4f’ 3G, 4177. 179 4 23932. 86 5d’ %F3s— 6p’’'D, 

3972. 839 30 25163. 80 6s  %Si— 6p’ 3D, 4178. 440 1 23925. 63 6p’ *P,— 6d’ 143 

3973. 481 3 25159. 73 6d 5‘D3— 8f 5F, $179. 928 | 23917. 12 

3974. 067 | 25156. 02 6d ®*D3— 8f 54F; 4183. 035 1 23899. 35 

3974. 953 | 25150. 42 4f 5F;—10g 5G 4183. 516 2 23896. 60 

3977. 968 | 25131. 35 6d 5‘D3s— 8f 51F, 4192. 862 l 23843. 34 6p’ *P,— 6d’ 133,2 

3980. 433 2 25115. 79 6d *‘D3s— 8f 5F; 4197. 190 2 23818. 75 5d’ 3G3— 6p’’ '!D, 

3981. 043 I 25111. 94 6d 5‘D3— 8f 5F, 4206. 534 l 23765. 84 

3983. 574 1 25095. 99 Gd *Di—- Fs 4217. 476 3h 23704. 19 5d’’ 3D3— 7p’ 3D; 

3988. 076 15 25067. 66 5d’ 383— 6p’’ IS, 4219. 138 10 23694. 85 6p 3Pi— 6d *D}j 

3990. 835 I 25050. 33 4224. 993 10 23662. 01 6p’ *F,— 7d *D$ 

3996. 642 5 25013. 93 5d’ 1P;— 7p’ 3F, 4225. 542 50c, Z | 23658. 94 5d *D3— 6p’ 'F; 

1006. 349 6 24953. 33 6p’ 3D,— 7d 3D3 4231. 185 l 23627. 39 | 4f 3F;— 9g *Gj 

1013. 765 { 24907. 22 6p’ 3D,— 6d’ 53 4233. 249 2 23615. 87 6p’ 3F,— 6d’ 53 

1017. 235 2c 24885. 71 6p 5Ps— 6d 3D3 4235. 511 30Z 23603. 26 6p 3P,— 6d 3D3 

1019. 310 1 24872. 86 4240. 441 l5e 23575. $2 5d *Di— 6p’ 3P, 

1036. 092 50c 24769. 44 5d 3Ds— 6p’ 3D; $242. 545 | 23564. 12 5d 5Di— 6p’ 3F, 

1043. 893 20¢ 24721. 66 6s’’ 3Pi— 6p’’ 'P, 4248. 287 | 23532. 27 

1060. 184 2 24622. 47 5d 5Ds— 6p’ 3D, 4249. 711 lw 23524. 39 

1077. 366 I 24518. 72 4254. 193 l 23499. 61 6p’’ 3D, — 293 

1078. 556 | 24511. 56 4254. 282 l 23499. 11 

1079. 877 | 24503. 62 6p’ 'P,— 6d’ 103 4256. 129 2 23488. 92 

1081. 378 5 24494. 61 6p’ *D,— 7d *D§ 4257. 606 lw 23480. 77 
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1260. 128 3c 23466. 87 6p’ *P,— 6d’ 133,2 1444.873 1507 22491. 51 6p %P,— 6d 5D3 
4265. 801 2 23435. 66 1445. 872 3c 22486. 46 5d’ 3%Pi— 4f’ 'P, 
1266. 925 I 23429. 49 4f 3F; 373 1446, 742 107 22482. 06 6p  %P\— 6d 4D; 
4271. 310 6 23405. 43 6p’ *D,— 7d °D3 1451. 149 25 22459. 80 6s’ §Pi— 6p!’ 38 
4276. 015 I 23379. 68 if 3F,— 99 3G 1452. 858 3007 22451. 18 6p sP.— 6d 5D: 
4279. 188 de 23362. 35 6s’’ 3P§5— 6p’’ 38, 1456. 250 10c 22434. 10 5d’’ 3D3— 4f’ 3G, 
4281. 834 5e 23347. 91 6p’ 1F;— 6d’ 93 1456.625 | 100c, Z 22432. 20 6s’ 3D3— 6p’ 1D, 
4282. 912 { 23342. 03 4457. 643 5 22427. 08 
4287. 924 2 23314. 75 5d 3D3— 6p’ 'P, 4458. 474 20 22422. 90 6p’ IFs— 5g G3 
4288. 215 6 23313. 17 5d’ 3F3— 6p’' !P, 1460. 185 307 22414. 30 5p* *P,— 5p* 18, 
1291. 923 30 23293. 03 6p’ *D,— 6d’ 13 1461. 928 2 22405. 54 Tp 5P, 315 
4296. 286 10 23269. 37 6p’ *P.— 6d’ 123 1462.708 100 22401. 63 6s’’ 1Pi— 6p’! IS, 
1315. 481 10 23165. 87 6p’ 3F;— 7d 3D3 1464. 338 150c,Z 22393. 45 6s’ 3D3— 6p’ 3P 
1316. 897 5e 23158. 28 5d’ %P3— 4f’ 3P, 1468. 167 3c 22374. 26 6p’ 'P\— 7d 3D} 
4319. 623 lw 23143. 66 6p’ 3F,— 7d 5D3 1473. 412 | 100c, Z | 22348. 03 5d 3D3— 6p’ 3F, 
4322. 756 50 23126. 89 5p> 'Pi— 6p’ 1D, 1476. 037 10Z 22334. 92 6p 3Py— 6d 3D} 
4333. 159 2c 23071. 36 6p’ 3F,— 7d ‘D3 1479. 656 30 22316. 88 6p’’ 3D, 203,» 
4334. 246 2 23065. 58 1483. 730 22296. 60 Tp 3P, Ald 38D3 
4337. 427 2 23048. 66 6p’ 3D;— 6d’ 103 1484. 829 2w 22291. 14 5d’ IF3— 5f 3%F, 
4338. 224 le 23044. 43 5d’’ 3D3— 8p 3Pz 1487. 234 7 22279. 19 6p’ °*P,— 6d’ 118 
1342. 078 207 23023. 98 6p  %*P,— 6d 4D} 1488. 552 10Z 22272. 65 5d 5Di— Gp’ 3D, 
4355. 036 1 22955. 47 1490. 652 { 22262. 23 6p’ 3D.— 7d *D3 
4362. 456 10 22916. 43 6p °*P.— 6d 5D} 1490. 912 3 22260. 94 5d, 3F3— 6p’’ 3P, 
1364. 224 5 22907. 14 5d’ 1Ds— 6p’’'!D, $492. 352 3 22253. 81 5a’ =*P3 ip ls 
4368. 247 2 22886. 05 4492. 649 lw 22252. 34 6p’ 3F.— 7s’ 3D3 
4369. 834 2 22877. 74 5d’ 3P3— Tp’ 3D; 4495. 698 l5e 22237. 24 6p’ 3D;— 6d’ 93 
4371. 722 le 22867. 86 1496. 815 | 22231. 72 6p’ 3=P,— 6d’ 103 
1373. 686 3 22857. 59 6p’’ 3Po 33. 5j 1497. 535 7 22228. 16 5d’! 3P3— Tp’ 1F 
4374. 760 3 22851. 98 6d 5‘D3— 7f 5F; 4497. 708 10 22227. 31 
1376. 139 1007 22844. 78 1498. 586 22222. 97 7p *P,—10d *D3 
1376. 745 8 22841. 61 6d *D3— 7f 5F, 1499. 604 20¢ 22217. 94 5d’ 3P3— 8p 3P,2 
4379. 048 2 22829. 60 1504. 375 | 22194. 41 6p’? 3P, 315 
1382. 489 5 22811. 68 6d ®*‘D3— 7f 54F; 1505. 072 6 22190. 97 7p %P;—10d 3D35 
1383. 998 15 22803. 82 6d *Dj— 7f >4F; 1505. 265 5 22190. 02 6p’ 3D,»— 7d ®D3 
4385. 904 4 22793. 91 6d 5‘Di— Tf 41F, 1506. 772 l 22182. 60 $f =3F;— 8g 3G3 
1388. 458 10 22780. 65 6p’ *D,— 7d 3D3 4507. 129 2 22180. 85 ee Py Fp tF: 
4390. 278 20c 22771. 20 6p’’ 3D, 21; repre anser ag |f Sd’ *Pi— 7p’ *P, 
4394. 555 Ge 22749. 04 6p’ IP 6d’ 73,9 1507. 866 | = 10 22177.22 |) af 3F;— 89 3G3 
1398. 585 10 22728, 20 6p’ *D,— 5d’ 3P; 1508. 441 | 22174. 39 ff 3F,— 8g 5G; 
1399. 037 60c 22725. 86 6p’ 3F;— 6d’ 35 1513. 170 8c 22151. 16 { fl < or aD 
7s 1 2 
4399. 592 l 22722. 99 if By “My 1513. 508 8c 22149. 50 
4400. 741 4e 22717. 06 4f 5F,— 8g 5G} 
1403. 566 60c, Z 22702. 49 5d *D3— 6p’ §P, 1514. 064 20: 22146. 77 5d’ 3G3— 6p’’ 3P, 
1404. 580 7d 22697. 26 5d’ 1F3— 4f’ 3G, 1519. 910 22118. 13 7p  3P,—12s 38}? 
1405. 577 I 22692. 12 if 3F;— 89 °G} $520. 528 { 22115. 10 5d’ 3%Pi— 7p’ 'D: 
1526. 672 2 22085. 09 6p’’3D.—10d 3D: 
£206. 097 3 22689. 45 4f 5F;— 8g 5G; 1527. 024 10 22083. 37 6p’ *F;— 7d °D; 
1408. 954 ag 22674. 74 6p 3P,— 6d 3D3 
1411. 198 22663. 21 4f 5F;— 8g 5G§ 1529. 898 I 22069. 36 1p °F; 295 
$412. 333 507 22657. 38 6p’ 3*F,— 6d’ 23 $532. 296 l 22057. 68 7p 5P,—10d 3D3 
1416. 569 10 22635. 65 5d’ 3Di— Tp 3Po 4535. 046 5 22044. 31 5d’ 3P3— 4f’ 3F, 
1537. 599 5 22031. 90 5d'’ 3F3— 7f 3F; 
1416. 890 10 22634. 00 6p *P2— 6d %D3 1538. 411 3w 22027. 96 5d’’ 3D3— 5f 3F, 
= eee ¥s if 6p’ |1P 6d’ 63, 
4417. 564 10c 22630. 54 |) ep sp, 32: 1540. 644 10Z | 22017. 13 6s’ 3D3— 6p’ 3P, 
1419. 496 2 22620. 66 4f 5F,— 8g 5G3 1541. 306 8 22013. 92 6p’’ 3Po 297 
4421. 965 30 22608. 03 6p’ *P,— 6d’ 103 1543. 833 25 22001. 68 6p’ 3F,— 6d’ 13 
1423. 725 100c, Z | 22599. 03 6p  %P;— 6d 5D5 1544. 272 50 21999. 55 5d’ 3D3— 6p’ 'D» 
$544. 339 20 21999. 23 
4428. 195 50d, Z | 22576. 22 6p’ 1F;— 6d’ 83 
4430. 130 2 22566. 36 4f 5F,— 8g 5G3 1548. 342 7 21979. 87 6p’! 3P,;—10d 3D 
2 = - 99° - |\f 6p’ 3*F;— 7d *D3 1549. O71 f 21976. 35 
$455. 104 ° 2541.05) 5477 aps 8p sP,? 1549. 437 21974. 58 5d’ 1Ds— 5f 3F 
4436. 937 3 22531. 74 5d’ *Ps— 4f’ *D, 1556. 012 lw 21942. 87 
1442. 562 | 200Z 22503. 21 5d 3Di— 6p’ 3Py 1558. 758 { 21929. 65 if 3%F,— 8g 3G 
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TABLE 10.1. Observed lines of I 11—-Continued 


(air) Intensity Wave Classification \(air) Intensity Wave Classification 
number number 
1559. 545 Sw 21925. 86 5d’ %P3— 8p §P, 4687. 890 20 21325. 59 4f 3F,— 263 
1559. 999 21923. 68 if 3F,— 8g *G3 1702. 468 25 21259. 48 6s’ 3Dij— 6p’ 3P, 
4560. 612 15Z 21920. 73 5d 3%D3— 6p’ 3F; 1702. 594 7 21258. 91 6p’’ 3D» 247.9 
4560. 880 10 21919. 45 5d’ 3F3— 6p’ Ds 1706. 453 lw 21241. 48 6p’ 3Fy— 5g 3G 
1568. 068 3 21884. 95 1f §=638F,— 89 3G 1707. 842 10 21235. 21 5d’ 1D3— 6p’’ 3P2 
4571. 517 12 21868. 44 6p 5P,— 5d’ 3F3 4709. 844 20¢ 21226. 18 6p’ 3Fy— 5g 5G;j 
1573. 543 2 21858. 76 6d %*D3— 8f 3F, 4711. 430 25¢ 21219. 04 6p’ aF, 5g 5G8 
1573. 718 5 21857. 92 5d’ 3Di— Tp 3P2 712. 498 | 21214. 23 
4574. 090 207 21856. 14 6p 5P,— 5d’ 3D;j 4713. 988 lw 21207. 52 7p 5P, 21j 
1576. 550 10Z 21844. 39 6p’ 3D,— 6d’ 33 4722. 102 12¢ 21171. 08 5d’’ 3D3s— 4f’ 1D, 
4578. O17 | 21837. 39 5d’ 3P:— Tp’ 3F, 1726. 535 20¢ 21151. 23 5d 3D3— 6p’ 'F; 
1578. 710 7 21834. 09 Tp ®Pi— PAS ae 4730. 366 25 21134. 10 6p 3P, - 5d!’ 3F§ 
4584. 457 21806. 72 6d 3D3s— 8f 3F; 1730. 958 20 21131. 45 6p’ 3F;— 7s’ *D3 
4584. 752 2 21805. 32 5d’ 3G3— 6p’ 3D; 4731. 316 8 21129. 85 6p’ 3P, 21; 
1586. 582 20 21796. 62 6p’ °*P,— 6d’ 93 4733. 414 6 21120. 49 6p’ 3D,— 6d’ 13 
1589. 495 1 21782. 78 if 3F,—10d *D3 1737. 544 | 2 21102. 08 
1590. 764 25 21776. 76 1737. 691 2 21101. 42 | 
1590. 930 207 21775. 97 6p’ *D,— 6d’ 23 1737. 828 4 21100. 81 
4593. 066 7 21765. 85 6d %*D3— 8f 3Fs; 4739. 388 I 21093. 87 | 7p *P3—ils °S3 
4596. 720 6 21748. 54 6p 5P,— 5d’’ 8Di $742. 810 01 21078. 65 6s’ 3P7— Tp *Po 
4599. 769 | 2007 21734. 13 4744. 797 3 21069. 82 6p’ 3D» 21; 
4600. 365 lw 21731. 31 4748. 978 20 21051. 27 | 5d’ 3F3— 6p’’ 8, 
1604. 309 le 21712. 70 4750. 846 le 21042. 99 6p’ 1D.— 9s 348i 
1605. 924 1 21705. 09 $751. 798 4 21038. 78 
1609. 191 | 21689, 71 4752. 676 60 21034. 89 | 6s’ *P5— Tp *Pi 
} | 
4611. 224 10c, Z 21680. 14 5d 3Di— 6p’ 'P, 4753. 825 l 21029. 81 | 
1612. 265 | 21675. 25 Tp 3P, 353.3 4763. 820 60 20985. 68 | 6s’’ 3Ps— 6p’ 'D» 
1614. 102 | 21666, 62 4765. 519 30 20978. 20 | 5d’ 3Di— 4f 3F, 
1621.854 1007 21630. 28 1768. 193 15 20966. 44 | 6p 3*P,— 5d’’ 'F3 
4622. 172 7 21628. 79 4770. 456 5 20956. 49 | 4f 3F,— 24,2 
1622. 347 20 21627. 97 6p’’ 3D» 263 1770. 857 l 20954. 73 | 
4623. 417 8 21622. 96 6p’’ 3P, 253.2 4772. 841 1 20946. 02 
4624. 603 21617. 42 tf 3F,—10d 3D3 4775. 674 10 20933. 60 | ' 
4625. 288 5 21614. 22 5d’ 3Ps— 4f’ 3F; 4782. 000 6 20905. 90 | 7p *P,—10d *D3 
4627. 292 5 21604, 86 6p’ 3F;— 6d’ 33 4782. 658 5 20903. 03 | 7p %P;—10d ‘*D3 
1632. 446 | 300c, Z | 21580. 82 6s  5S3— 6p 3P, 4784. 798 50 20893. 68 | 5d’ 1D3— 6p’’ *Ds 
1633. 365 50 21576. 54 6s’ 3D3— 6p’ 3D; 4786. 389 2c 20886. 73 Ses ape 20,2 
4638. 810 8 21551. 21 6p’ %Py— 7d 3D; 4787. 228 50c 20883. 07 6s’ *Di— 6p’ *P2 
4640. 831 150 21541. 83 4787. 776 3 20880. 68 | 6p’ 3F;— 6d’ 13 
4641. 142 7 21540. 38 4790. 690 30 20867. 98 | 5d’ 3D3— 7p’ 'D2 
4641. 984) 30 21536. 48 Gp’ %F;— 6d’ 23 4792. 522 lw | 20860.01 | 5d’, *P3— f , OB: 
4643. 843 | 21527. 86 4796. 576 25 20842. 38 | 5d *D3 - (p F; 
1647, 472 21511. 05 5d’ 1P7— 8p 3P, 4805. 662 de 20802. 97 6p’ 1F;— 7d *D3 
4649. 114 1 21503. 45 4806. 402 75Z 20799. 77 5d 3%Ds— 6p’ 3F, 
41651. 324 | 21493. 23 ip 5P.—lls 58 4807. 320 3 20795. 79 
as os 45 - 998 2 90709 ‘ > > 5p. = 5d’ 3F3 
4654. 192 2 2] 178. 60 aes 998 0 20792. 86 Op I 3 I 3 
-e em Oye ‘ ‘ .e pe “eet 2 , 4812. 106 lw 20775. 1] 
4657. 302 30 21465. 65 6p’ 3D3— 6d’ 8; 45 ‘ ‘ O76 pL 213 
oeGedih Ge pee +a niet 4813. 902 2 20767. 36 4f F, 1 
4663. 560 le 21436. 84 Op 3F, 5d’’ 8P3 Or Ané 907 : 
4665.537 | 10c | 21427. 76 6p’ 1F;— 7d *D3 ae ae | say) Ga ee a 
4666, 484 | 500d? | 21423. 41 6p 5P3— 6d 5D; ee 10c, Z| 20705. 64 sa lh. . 
4831. 600 | 20691. 29 | 
£668. 116, 2 21415. 92 6p *Ps— 6d *D3 4832. 238 Se |: 20688. 56 6p’ 'P,— 7d Di 
pel 280 2 21396. 83 ‘Pp a ‘oar 242 4833. 747 3 20682. 10 7p 2p — 1 5i 
4675. 530 | 10002 21381. 96 6s’ 1D3— 6p’ 1D2 4835. 178 40 20675. 98 5d’ *Di— 6p’’ *D2 
4676. 080 20 21379. 45 6p’ 3Fy— 6d’ 84 1849, 308 4w 20615. 74 5d’ 3Di— 6p’’ Py 
4676. 902 19 21375. 69 6p  *P3 6d 45Ds 
1850. 303% 60c 20611. 51 6s 5S3— 6p *Pi 
4677. 909 20¢ 21371. 09 6p’ 3D.— 7s’ 3D3 4851.017 | 20 20608. 47 6p’ 3D, is’ §Dj 
4684. 507 lw 21340. 99 7p §5P; 21; 4851. 292 3 20607. 31 er 4. ane 
4684. 928 Qw 21339. 07 5d’ 1Fs— 7f 3F see 4 . ein 3 ip 3Pi— 6a Di 
siar cce ~ | Ze sd’ ES fF 4853.174 | 15d | 20599. 32 |{ 4? F <q 5G] 
OW. ¢ ‘ @#lovoil. t s, ‘ 
4687. 468 5e 21327. 51 6p’ ®D;— 5g 3G; 1853. 254 15 20598. 98 | 4f 5F,— 7g  5G3 
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TABLE 10.1. Observed lines of 1 11—Continued 


(air) Intensity Wave Classification d(air) Intensity Wave Classification 
number number 
4859. 150 I 20573. 98 4f  5%F;— 7g G3 5063. 37 15 19744. 19 Gp’’ 38, 363 
4859. 341 I 20573. 18 4f 5F;— 7g 3G; 5065. 37 400c, Z 19736. 39 5p> 3Ps— 6p 3P, 
4859. 786 15 20571. 29 4f ‘%F;— 7g 5G; 5068. 08 20c 19725. 84 6p’’ 3D,— 7s’’ 3P3 
pals eae onee1 an |S Sp’ 'D.— 6d’ 143 5069. 93 2 19718. 64 
1864. 5153 | 60 20591. 50 1) Gp’ 3P, 143.5 5092. 60 30 19630. 86 6d *Di— 7f °F, 
$865. 029 2 20549. 12 7p 5P, 257.2 5100. 16 8 19601. 77 5p> 3P5 6p’ 3D, 
4865. 500 20 20547. 13 4f 5F;— 7g 5Gé 5110. 36 8 19562. 64 6d 3%Ds— 7f 3F; 
4867. 649 20 20538. 06 5d’ *Di— Tp 5P2 5111. 79 6 19557. 17 6d %*Di— 7f 3F, 
4874. 200 2 20510. 45 4f 5F,— 7g 3G3 5114. 56 20¢ 19546. 58 6p’’ 3D,— 7s'’ 3P5 
4874. 473 Qd 20509. 31 4f 5F,— 7g 5G3 5115. 89 2 19541. 50 6p’’ IP, 163 
4876. 051 10c¢ 20502. 67 4f 5F,— 7g 5G3 5124. 57 10 19508. 40 5d 3Ds— Gp’ 3D, 
4881. 185 4h 20481. 10 5125. 87 5 19503. 45 7p §5P.— 9d 5D3 
- ~ ; onave 1c i 5d’ 383 6p’’ 3P» 5126. 58 2 19500. 75 
4882. 127 mn a0477..15 | 6p’ 3P,— 6d’ 7,» 5130. 20 10¢ 19486. 99 6p’ '!P.— 6d’ 13 
4884. 083 40¢ 20468. 95 6p’ '1D.— 6d’ 133.2 5131, 24 50 19483. 04 6s" IPi— 6p’’'D, 
4884. 828 80c, Z | 20465. 83 6s’ 3Ds— 6p’ 'F; 5135. 79 100d 19465. 78 5d’ 'Pi— G6p’’ 1S 
4886. 182 5 20460. 16 5d’ 83Di— 6p’’ 3Po 5143. 01 10 19438. 45 
4888. 423 4 20450. 78 4f 5Fi— jo 5G3 5147. 55 100¢ 19421. 31 6s’ *P7— 4f  3F, 
4891. 224 2 20439. 07 7s %Si— 7p’ ®Po 5149. 73 200 19413. 09 5d 3D3— 6p’ 3F; 
4895. 037 10c¢ 20423. 15 6p’ IP,— 6d’ 4 5154. 97 50 19393. 35 6p’ '!F;— 7s’ 3°D3 
4899. 465 3 20404. 69 5d’ *Di— 7p 'P, 5156. 41 1007 19387. 94 Ep 5P:— 7s 583 
me sie esenrv |i 7s S8i— 7p’ 'P 5161. 20 3000c, Z 19369. 94 6s  %S3s— 6p 5P3; 
AC Ae Va J ] 2 
1908. 755 | 25¢ 20366.07 1) ga" sPs— 6p’ IP, 5174. 70 50 19319. 41 6p’ 3F,— 7s’ *D3 
4910. 579 10 20358. 51 6p’ 3°P,\— 6d’ 63, 5175. 32 40d 19317. 10 6p’ 3°F,— 7s’ 3D? 
4911. 454 1 20354. 88 5176. 19 300 19313. 85 6s’ 3Ps— 6p’’ 3P, 
4920. 587 6c 20317. 10 6p’ 3D3s— 7d 3D3 5179. 22 12 19302. 55 6d *‘Ds— 6f {1F; 
4924. 546 40c 20300. 77 6s’ 3P3— Tp 3P, 5181. 29 30 19294. 84 6d ®‘Ds— 6f  5F, 
4930. 049 6 20278. 11 6p’ 3%Po— 6d’ 55 5183. 21 10 19287. 69 
4941. 533 3c 20230. 98 6p’ 3Fy— 7d 3D3 5185. 17 200 19280. 40 6p 5P.— 7s 583 
4943. 163 30c 20224. 31 6p’ 'P;— 7s’ D3 5188. 62 20 19267. 58 5d’ %Si— 6p’’ 8, 
4957. 756 10 20164. 78 6p 3%P,— 5d’ 3F3 5189. 90 50 19262. 83 6d *‘Di— 6f 5{F;s 
4959. 992 1 20155. 69 5190. 06 20 19262. 24 6d ®*Ds— 6f 5F; 
4965. 687 50c 20132. 58 6s’ 3P7— 7p 3P, 5192. 89 Le 19251. 74 6p’ 3P,— 7d %D3 
4968. 431 80 20121. 46 6s’ 3Ds— Gp’ 'P, 5194. 15 8 19247. 07 6d ®*D3— 6f 5F, 
4980. 773 le 20071. 60 6p’’ 3D-— 7g 3G3 5198. 89 6 19229, 52 6p’’ 38, 327 
4981. 960 1 20066. 82 4f 3F;— 7g 3G3 5205. 48 20 19205. 18 | 6p 3P2y— 6d 5D3 
4982. 796 3 20063. 45 5209. 26 2c 19191. 24 
4984. 083 15c 20058. 27 4f 3F;— 7g 3G; 5210. 06 2c 19188. 29 5d’’ 3F3— Tp’ 3F; 
4984. 265 5c 20057. 54 6p 3P;— 6d 4D§ 5214. 08 2007 19173. 50 5d 3D3— 6p’ 3D, 
4984. 562 3c 20056. 34 4f 3%F;— 7g 5G; 5216. 27 6007 19165. 45 5d 3Di— Gp’ 3F, 
4985. 351 2 20053. 17 5221. 76 4d 19145. 30 
4986. 922 | 10007 20046. 85 5d 3Di— Gp’ 3D, 5222. 51 3c 19142. 55 6p’ 1F;— 6d’ 13 
4990. 949 4 20030. 68 7s’ 3D3 Zee 5223. 28 le 19139. 7: 5d’ 3F3— 6p’ 'D, 
4992, 223 50 20025. 57 5d’ 1Ds— 6p’’ 38, 5228. 97 500d 19118. 90 6s’ 3Pi— 6p’’ 3D, 
4994. 976 6c 20014. 53 5230. 47 le 19113. 42 5d’’ *Di— 7p’ 'D, 
5000. 12 5 19993. 94 | 6p  *P.— 5d’ D3 5232. 00 5 19107. 83 7p *P;— 9d 5D 
5002. 0% 5e 19986. 35 5232. 98 3 19104, 25 7p §5P3;— 9d  5D3 
5008. 36 100 19961. 05 6s’’ 3P§— 6p’’ 3P, 5241. 64 2 19072. 69 7p 5P;—10s S83 
5028. 82 30c 19879. 84 6p’ IF;— 7s’ 'D3 5242. 01 3 19071. 34 
5029. 39 { 19877. 58 5d’ 3Fs— 6f >%F, 5243. 50 le 19065. 92 
5029. 67 1l5c 19876. 48 6p’ *P.— 7d 3D3 5245. 71 3000c, Z 19057. 89 6s’ 3D3— Gp’ 3P» 
5032. 15 6c 19866. 68 6p’ 1F;— 6d’ 33 5256. 19 le 19019. 89 
5040. 23 l5w 19834. 83 6p’’ 3D; 393 5259. 34 2 19008. 50 
5045. 55 25 19813. 92 4f 3Fy~— 7¢ 3G3 5261. 27 15e 19001. 53 5d’ 3Ds— 6p’ 3P, 
5046. 43 150Z 19810. 47 6s’ 3D; 6p’ 3Po 5263. 47 2 18993. 59 5d’’ 3F3 Tp’ 'De 
5048. 16 10c¢ 19803. 68 5265. 16 150c, Z 18987. 49 6s’ 3Di— 6p’ '!P, 
5049, 52 5e 19798. 34 Gp’ 'F;— 6d’ 23 5266. 96 100¢ 18981. 00 6s’’ 3P7— Tp 5P, 
5052. 70 6 19785. 88 5d’ 1S3— 6p’ 'P, 5269. 36 500 18972. 36 6s’’ *P3— Gp’’ *D; 
5057. 00 3 19769. 06 if 3F.— 7g 3G3 5270. 58 2 18967. 97 5d’’ 3F3— Tp’ 'F; 
5061. 91 150 19749. 88 6s’! 3P3 7p 5P, S2i2. o2 5 18960. 99 5d’’ 3Ds if’ 38D, 
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TABLE 10.1. Observed lines of I 11—Continued 


(air) Intensity Wave Classification (air) Intensity Wave Classification 
number number 
5278. 57 4 18939. 25 7p 5P2—10s 583 5491. 50 8007 18204. 90 6p ‘5‘P3— 7s 583 
5286. 09 8e 18912. 31 5d’! 3F3 Tp’ 3F, 5492. 31 5 18202. 22 
5288. 68 200¢ 18903. 05 6s’’ 3P7— 6p’ 3Py 5493. 43 400 18198. 51 6p’ 3%F;— 7s’ 3D3 
5291. 68 8 18892. 33 bd’ 3B 7p %P» 5494. 00 400c 18196. 62 6p’ 3F, 7s’ 3D3 
5496. 94 1000c 18186. 89 6s  5S3s— 6p 5P,; 
5293. 65 { 18885. 30 
9294. 11 10 18883. 66 6p’’ 3P, 373 5497. 65 300 18184. 54 5d’ §3Ds— 6p’ 3D3; 
5296. 24 50 18876. 07 6p’’ 3D; 363 5504. 72 10007 18161. 18 6s  3Si— 6p Py 
9296. 45 20 18875. 32 6p’ 3P, 7d %D3 5510. 50 2 18142. 13 
5299. 78 100 18863. 46 6s’’ 1P3 6p’ IP; 5517. 23 2 18120. 00 
5518. 38 8 18116. 23 7p  5P 7s'' 3P3 
5303. 42 | 18850. 51 6d 4D; 6f 5F,? : 
5304. 25 60¢ 18847. 56 6s’ 3P:— Tp 5P, 5522. 06 600¢ 18104. 16 6s’! 3Ps— 6p’’ 33, 
5305. 87 Be 18841. 81 5523. 60 8 18099. 11 6p’ %Po— 5d’ 3Pz 
5306. 56 2 18839. 36 5525. 44 12 18093. 08 7s 583 8p 3P, 
5307. 63 10¢ 18835. 56 5d’’ 3D¢ Tp’ 3F, 5525. 92 5e 18091. 51 
5527. 88 6 18085. 09 
5309. 44 20 18829. 14 6p’ 3P,— 6d’ 53 
5322. 80 1007 18781. 88 5p> 3Pi— 6p 3Po 5528.09 |} 6 18084. 41 6p’’ *P,— 7s’ *Pi 
5323. 83 80 18778. 25 5d’ *G3— Tp *P» 5528.19 |f 2 18084. 08 5 
5326. 39 100¢ 18769. 22 6p’ 3D;— 7s’ 'D3 5531. 96 2 18071. 76 6p  %Pyo— 5d’’ 3D; 
RQO7 F&F 4 Wf 4-4 of RAlh 3p 2 3p, ae : -E Te 5d’ 1Fs 1n’’ IT). 
5327. 54 15 18765. 14 5d PS 8p *Ps 5538. O8 6c 18051. 79 7 ped ay a 
5330. 13 8c 18756. 05 6p’ 3D;— 6d’ 33 5541. 52 4 18040. 58 ; , 
5aa/. 13 15 18731. 45 
5338. 22 (100007 18727. 63 6s’ 3D3— 6p’ 3F; 5541. 96 8 | 18039. 15 | 5d’’ 3D3s— 7p’ 3D; 
5345.15 | 5000c, Z | 18703. 35 6s’ *D3— 6p’ 3F, 5544. 17 10¢ 18031. 96 6p’ *3D;— 6d’ 13 
5349. 61 50c 18687. 75 6p’ 3D;— 6d’ 23 5546. 55 30w 18024. 22 6p"’ 3D.— 7s’ 3Pi 
5550. 08 50 18012. 76 5d’ 3F3s— 4f 3F, 
Ans 1p: \nf 3p AAA <4 9 24 * 5T)e ft 1p 
5351. 85 = Be 18679, 93 | ae 8, 6p a 5550. 51 2 18011. 36 6d 5D; 7p’ 'P, 
\ 1 dU? | 
5354. 71 8e =|: 18669. 96 5551. 65 100 18007. 66 6s’ 'Ds— 6p’ 3P, 
5367. 60 150¢ | 18625. 12 5d’ 3D3 6p’ 3P, 5568. 80 20c 17952. 21 6p’ 3P, 7s’ 1D$3 
5369. 10 l5e ~—|-—«18619. 92 5d’’ 3Fs— 6f 3F, 5569. 56 6 17949. 76 5d’’ IFs— 6f 3F, 
5369. 86 1000¢ 18617. 28 6s’ 3D3 6p’ 3D; 5570. 60 2 17946. 40 7p %P, 10s 3S} 
5575. 78 3 17929. 73 
5372. 49 30 18608. 17 6p  *P» 5a’! Ps 
5373. 27 be 18605. 47 6d *D3— Tp’ 3F; 5583. 44 25 17905. 13 6p’’ 3P,— 7s’? 3P3 
5374. 38 30¢ 18601. 63 6p’ *F,— 6d’ 23 5584. 04 20 17903. 21 
5376. 04 f 18595. 88 5585. 48 4 17898. 59 5d’ 3G3 4f 3F, 
5378. 99 3 18585. 68 5d’ 3P3 Tp’ *P, 5587. 88 4 17890. 91 5d’’ 1F3 6f 3F, 
5589. 29 80 17886. 39 5d’ 3Si— ip *Po 
5380. 04 60 18582. 06 6p 3P, 5d’’ 3F3 
386. 23 20 18560. 70 ip %P» 9d 3D3 5590. 20 8 17883. 48 6p’ 3D, 5d?! Ps 
387. 56 te 18556. 12 6p’’ 3D; 343 5593. 12 3007 17874. 15 5d 3%Di Sp’ 3D, 
5392. 27 12 18539. 91 7p 5P3—10s 583 5595. 47 4w 17866. 64 5d’ 1D3s 7p %P, 
5393. 39 10 18536. 06 5598. 52 600¢ 17856. 91 5p> IPi— 6p’ 'P, 
5600. 32 1000 17851. 17 5d’ 3G3 4f 3F, 
393. SE 8 18534. 45 6p’’ 3P, 365 
9399, 53 3 18514. 98 5601. 94 { 17846. 00 
405. 42 800c, Z| 18494. 81 5p? 3P3s— 6p 5P3 5603. 16 80 17842. 12 6p’ %P,— 7s’ %D3 
5407. 36 800c 18488. 17 6s’ 3D3 6p’ 3D, 5606. 52 15 17831. 43 6p’’ 1P,— 375 
. 3p rm qtt 38T)ye re ; 729r 49 
5414. 96 15 18462. 23 ma aK = = 5608. 41 ; 17825. 42 6s!" 1Pe— 6p’ 3p 
YF — ¢ 5612.89 1500 17811.19 |) gyrap, ae * 3 
5422. 05 100 18438. 08 6p’ 3D.— 7s’ 3D3 j 
5422. 74 100 18435. 74 6p’ 3D.— 7s’ 3D; 5616. 77 10 17798. 89 
5425. 06 td 18427. 85 7p %P»— 9d 3D3 5618. 28 6 17794. 10 
5435. 83 3000 18391. 34 5p> 3Pi— 6p 3P», 5618. 57 5 17793. 18 6d ‘Di 4f’ 3D, 
5438. 00 10007 18384. 00 6s’ !Ds— 6p’ 3P, 5620. 02 10¢ 17788. 59 5d’’ 3D3— 6p’ '!D, 
5623. 30 12 17778. 22 7p %P,—10s 3S; 
5448. 80 10 18347. 57 7s = 383 if’ 3Py 
5454. 43 Sd 18328. 63 6z' %P,— 7s’ D3 5625. 69 100007 17770. 67 6s  3Si— 6p 3P, 
ate i . =a |f  68’' *P§— 6p’’ *D, 5638. 91 l 17729. 00 6p’’ 38, 213 
9) . 21¢ ( pee A a 
5457. 06 200 18319. 79 | 5d’ *Ds— 4f’ *P, 5639. 78 1 17726. 27 
5458. 36 15e 18315. 43 6p’ *P,— 6d’ 33 5641. 10 20¢ 17722. 12 4f %F,— 7s’! 3P7 
5464. 62 2000¢ 18294. 45 6s 583 6p 5P; 5643. 32 100 17715. 15 5d’ 3F$3 4f 3F, 
467. 52 15 18284. 75 6p’ 3P, 7d 5D3s 5643. 67 5e¢ 17714. 05 5d’’ 3F3 4f’ 1D, 
5468. 12 50 18282. 7: 6p’ ®*D;— 7s’ 3D3 5648. 66 L5e 17698. 40 5d’ 1D3— 7p 3P, 
5478. $0 Qw 18247. 10 6p’ *P,— 6d’ 23 5649. 06 2 17697. 15 
5479. 56 60 18244. 57 6p 3P, 7s 383 5655. 10 10 17678. 25 
5480. 84 10c 18240. 31 6p’’ 3Po as” SEs 5655. 52 5w 17676. 98 6p 3P, 5d’’ 3Ds 
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TABLE 10.1. Observed lines of I 11—-Continued 


(air) Intensity Wave Classification d(air) Intensity Wave Classification 


number number 


5658. 46 8c 17667. 75 6d *D§ 7p’ 3F, 5812. 31 te 17200. 09 5d’ 3F3 tf 5F, 

5663. 63 25 17651. 62 5d’ 3P:— 5f 3F, 5815. 06 10 17191. 96 if 5Fi— 69 %G3 

5665. 71 6 17645. 14 5819. 71 80c 17178. 22 5d’ %D3— 6p’ 3F, 

5676. 70 7 17610. 98 5821. 97 30u 17171. 56 

5678.08 | 10007 17606. 70 6s’ 3D3s— 6p’ °F; 5823. 54 3c 17166, 93 

5678. 88 le 17604, 22 5823. 71 10 17166. 43 

5679. 92 50 17601. 00 5d’ 3G3 if 3F, 5824. 19 20 17165. 01 

5682. 64 15 17592. 57 5825. 69 6 17160. 59 5d’’ 3Di— 4f’ 3P, 

5683. 83 2 17588. 89 6p’ 3P, 8s 3Sj 5827. 74 ft 17154. 55 

5688. 21 30 17575. 35 5830. 79 te 17145. 58 

5690.91 | 2000c, Z | 17567. 01 6s’ 1Ds— 6p’ 3D; 5832. 86 15 17139. 50 

5692. 68 10 17561. 55 7s ‘S3— 4f’ 3D 5834. 78 8c 17133. 86 

5698. 97 2 17542. 16 5835. 06 10 17133. 04 5d"’ *F3s— Tp’ °F, 

5702. 05 5007 17532. 69 5d’ 3D3 6p’ 3P, 5838. 57 8 17122. 74 

5704. 87 20 17524. 02 5d’ 186 6p’’ 38, 5839. 88 2 17118. 89 

5710. 53 1000c, Z | 17506. 65 6s’ 3D3— 6p’ IF; 5843. 38 50 17108. 64 5d’ %Si— 7p 3P 

5715. 57 40 17491, 22 5845. 04 6 17103. 78 

5716. 34 3 17488. 86 5849. 03 20 17092. 11 5d’ ®D3— 6p’ *°D; 

5717. 58 le 17485. 07 5851. 76 20 17084. 14 

5717. 85 5 17484. 24 7s  %Si— 7p’ 3P, 5855. 26 10d 17073. 93 5d’ 3D5 6p’ Fs 

5726. 76 15 17457. 04 5863. 07 5 17051. 19 

5733. 46 20 17436. 64 78 5$$ 8p 5P,? 5868. 64 5 17035. 00 

5735. 69 12 17429. 86 5873. 12 3 17022. 01 

5735. 87 15 17429. 31 5893. 06 20 16964. 41 

5738. 27 10007 17422. 02 5p> 3Pi— 6p 3P; 5899. 47 8c 16945. 98 5d’ 1D3s— Tp §*P 

5738. 83 40 17420. 32 |) 5901. 41 60 16940. 41 5d’ 38;i— Tp 3P, 

5738. 89 70 17420. 14 5906. 04 10 16927. 13 

5739. 01 100 17419. 78 5p? 3Ps— 6p *P» 5910. 42 20 16914. 58 

5739. 18 150 17419. 26 5911. 18 20 16912. 41 5d" 1Fs— 4f’ 1D, 

5739. 40 200 17418. 59 | 5911. 78 12 16910. 69 

5739. 59 150 17418. 02 5911. 96 60 16910. 18 

5739. 77 200 17417. 47 Gs’! 3P=— Gp’ 3D, 5913. 40 10 16906. 06 

5739. 88 70 17417. 14 » f 5913. 67 50 16905. 29 

5739. 95 40 17416. 92 5918. 10 12 16892. 63 

5741. 94 3 17410. 89 5d’’ 3F3 7p’ 1D, 5920. 59 2007 16885. 53 5d 5D3— 6p 3P2 

5743. 06 30 17407. 49 5920. 87 40 16884. 73 6p %Po— 7s 3S} 

5749. 04 5 17389. 39 fea 5928. 63 20 16862. 63 6p” 'D.— 363 

5750. 41 50 17385. 24 | 5d’’ 3Fs— Tp’ 'F3 5934. 96 LO 16844. 65 

5752. 35 25c 17379. 38 5d’’ 3Ds— Sp 3P, 5938. 35 10 16835. 03 

5757. 22 6c 17364. 68 5939. 69° 100 16831. 23 7p 3%P,— 7s’! 3P% 

5760. 72 10002 17354. 13 6s’ 3Dj— 6p’ Ds 5946. 15 l5c 16812. 95 6p’ 3D,— 6g 3G3 

5763, 14 29 17346. 84 4f-  °Fy— 6g °G5 5947. 79 5 16808. 31 4f 3F;— 69g 3G3 

5765. 43 3c 17339. 95 [ af 5F,— 69 3G: 5950.25 50007 16801. 36 6s  %Si— 6p 3P, 

~=“pr GO > ma ‘ : fc ee aE Oar * = an ; 3K, ; 3(43 

5765. 68 8 17339. 20 ' 4f 5F,— 6g °G3 5952. 09 50 16796. 17 | J a od a “4 

5767. 19 100 17334. 66 4f 5Fy— 6g %G3 , oe rene ee 
ian it vs re . 2 i 

5769. 01 8 17329. 19 5953. 66 ne 16791. 74 yf ro OS 

a ianane ; : =294 2 8 2 5975. 83 25w 16729. 44 §d’ *D3 6p’ 'P, 

5770. 46 3h 17324. 84 7s’ 3D3 32, cae’ : 2 Sat -_ - 

dada 9 wh? 0) by q J 5h » 301 5983. 69 Oc 16707. 17 Op 3} 2 5d IDS 

§771. 02 10 17323. 16 4/ F; 6g G3 KQQe 97 9 es 97 

-—— »« - —. —. <e- 3p < 5D 5OS6. 27 2) 16700. 27 

5774. 83 500c 17311. 73 5p> 3P3s—- 6p 5P, FOR 92 12 16694. 80 

5776. 54 50 17306. 60 4f *F;— 69 %Gi ee Ty . pris 

5783. 34 100 17286. 25 4f 5F; 6g GE 5990. 17 20¢ 16689. 39 5d’ 1Ds 1 f f F 

5787. 02 500 17275. 26 6p 3%P2— 7s 38; S991. 86 30 16684. 69 5d’ 1D3— 6p’’ Dy 

5790. 26 10 17265. 59 6008. 19 15 16639. 34 

5794. 85 25 17251. 92 4f 5F,— 69 3G3 6013. 55 7c 16624. 51 5d’ 1D3s— 6p’ 8P; 

5795. 30 10 17250. 58 if 5F,— 6g 5G; 6021. 88 50 16601. 51 6s’ 'Pi— 6p’’ %S; 

5797. 02 50 17245. 46 6028. 43 10 16583. 47 5d’’ 1F 7p’ 'Fs 

9798. 95> 100 17239. 72 Af  5Fo— 6g 5G3 6031. 41 8c 16575. 28 5f %F 503 

9807. 29 15 17214. 96 6p’ 3P, 6d’ 13 6032. 80 20w 16571. 46 , 

5808. 21 } 17212. 24 6p’ 3P, 8s 3S} 6033. 44 10 16569. 70 ip *P, 8d 3D? 

5808. 38 5) 17211 2 373 6035. 13 20 16565. 06 5d’! 8Dj if’ §8P, 


.13 6p’’ 1[—) 
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TABLE 10.1. Observed lines of I 11—Continued 


\(air) Intensity | Wave Classification | (air) Intensity| Wave Classification 
number number 
6036. 15 3c 16562. 27 6276. 65 10¢ 15927. 66 
6039. 32 100 16553. 57 4f 3%F.— 6g °G3 6277. 05 30¢ 15926. 65 5d’ 38i— 6p’? 3D, 
6041. 60 100 16547. 33 5d’ 1P:— 6p’ 'D, 6279. 79 12 15919. 70 7p ®Pi— 8d 5D3 
6043. 79 15 16541. 33 ‘if %F— Ge Gy 6280. 36 80 15918. 25 5d’ 3P§— 6p’ !P, 
6048. 70 50 16527. 90 5d’! 1F3— Tp’ 3F, 6282. 61 20 15912. 55 7p  ®Pi— 8d 5D3 
6051. 82 10c 16519. 38 6p’’ 3P, 21° 6291. 39 500 15890. 34 5d’ 3F3— 6p’ 3D; 
6055. 064 50d =| 16510. 54 if 3F,— 6g 3G3 6300. 47 3 15867. 44 
6059. 53 Re 16498. 36 Y. ae 6g 548 6300. 84 1S 15866. 51 | 5d’ 3Si— 6p’ 3P, 
6068. 93 500Z 16472. 81 6s’ 3Di— 6p’ 3F, 6320. 41 3h 15817. 38 5d’’ *D3— Sf [Fs 
6074.98 | 2000c, Z | 16456. 40 6s’ 1D3s— 6p’ 'F; 6326. 10 4 15803. 16 | 7p *Py— Sd. "yy 
6077.83 | 150 16448, 69 5d 5D3— 6p 3P; ee Ze | 15802..28 wi Geet eae 
6084. 78 30 16429. 90 6p %P,— 5d’ 8Pe 329. 38 40 15794. 94 7p *P2r— 8d 5D3 
ene oS a ae 6331. 87 30w 15788. 76 5d’ 3Si— Tp 5P, 
6090. 90 12¢ 16413. 39 5d’ 1Ds— 7p 5P “4 : tect | Aa oe 
4 =. MO, 6332. 84 25 15786. 3 7p ®P,— 8d 5D 
: . a : a bi 5d’’ 1D$ 6p’ sp, pipagmpties iat ce rg ae a teat 
6094. 08 20¢ 16404. 83 l sd’? 3])s 5f 3; 6336. 57 100¢ 15777. 05 6s’’ 3P3S— Tp 3P, 
6094. 33 15 16404. 15 6339.97 | 140¢ 15768. 59 6s’ >D3— 6p’ 3F; 
eal F ve sa ee 6341. 24 100¢ 15765. 43 5d’ 3F3— 6p’ 3P, 
6103. 37 150 16379. 86 5d’ 1F3— 6p’’ ®P, || 6347. 77 | 15749. 21 | 
6103. 87 15 16378. 52 : 6357. 37 6 15725. 43 6p’’ 3P,— 8d 5D} 
6111. 35 6 16358. 47 | 6p’’ 3P,— 8d 2D} ae at: If 6p’ %D,— 5d’! 1Pe 
6127.49 | 2000c, Z 16315. 38 6s’ *D3— 6p’ °D, 6363. 27 50 15710. 85 { 5d’ 38:— 6p’’ 3P, 
6132. 86 20 16301. 09 6p’’ 3P;— 8d 3D3 ° 
6364. 23 8 15708. 48 6p’’ 3P\— 8d 5D 
6137. 39 20 16289. 06 5d’ 3Pi— 6p’! 'Sp 6385. 14 5e 15657. 04 6p’ 3D.— 8d 5D; 
6148. 15 40d 16260. 56 6385. 46 8 15656. 25 6p” 1P,— 243.9 
6148. 34 50Z 16260. 05 5d 5Di— 6p 3P, 6385. 80 30 15655. 42 5d’ 3Si— 7p 5P, 
6155. 36 200 16241. 51 6d 3%D3s— 6f sFy 6387. 38 5 15651. 55 
6155. 97 6 16239. 90 
6388. 66 5c 15648. 41 6p’’ 3D,— 8d 5D3 
6156. 77 12 16237. 79 ae oe a ened 
6157. 14 15 16236. 81 6: ae A bt ponte agi 
qr ch irate nel 1395. 33 15 15632. 09 
6158. 18 20 16234. 07 6420. 96 10 15569, 69 
6160. 09 15c 16229. 04 5d’ 38:— 4f 3F, a ia cdl, 
6162.22 | 300e | 16223.43 |{ 5p* JRi— 6p’ 2D 6421. 12 20 15569. 30 
L Ge — oY 2 6430. 42 12 15546. 79 
6440. 46 100c 15522. 55 
6164. 88 8c 16216. 43 6458. 41 30 15479. 41 5d 5‘Ds— 6p 3P, 
6166. 44 10¢ 16212. 33 6459. 46 2 15476. 89 5f 5F;—llg 5G 
6172. 84 { 16195. 52 6p’ IP, 29° 
6182. 28 60 16170. 79 6464. 79 30w 15464. 13 6p’ 'Dr— 7d §Dj 
6184. 62 10 16164. 67 5d’’ 3Fs— 7p’ 2D; 6466. 42 4h 15460. 24 6p’ 3S,—10s 583 
6470. 25 8 15451. 08 5d’? 3D3— - 4f’ 3F, 
a > tical —— 6488. 97 50 15406. 5 7p ‘*P;— 8d 5D} 
6186. 93 3 16158. 63 3 wa. = Ro 6492. 86 6 15397, 28 6d i. i p 
6189. 94 60 16150. 78 Zp 5p. a ‘Ds FD0K 7 > 
6197. 16 50c 16131. 96 6d %*Di— 6f °F; 6497 12 “4 15387. 3 a e a ‘D 
6201. 69 2 16120. 18 ali pot i. 7 —— 2 
903. O4 20 16116. 67 sd’! 3Ds 6p’? 3P> 6509. 39 3c 15358. 18 
_— ci oreo 7 c= es . 6512. 98 6c 15349. 71 6p’ *D;— 7s’ 3D3 
6516. 18 250c, Z| 15342. 18 5p> 1Pi— 6p’ 3F, 
6204. 86 1000Z 16111. 94 6s’ 1Ds 6p’ 3P, 
6205. 61 5 16109. 99 6d %*D3— 6f 3F; 6518. 91 12c 15335. 75 
6222. 93 3 16065. 16 6p'’ 8P, 203, 6520. 26 5 15332. 58 5d’’ 3Di— 8p 3P,; 
6223. 15 2 16064. 59 7p 2Po— 7s"’ 3P3 6523. 60 20c 15324. 73 | 5d’ — 6p’ *Ds; 
6223. 66 3 16063. 27 Su’ IDs— 6p’? 3D; 6525. 93 3 15319. 25 7d 3D3 12), 
6526. 76 10 15317. 31 
6225. 07 u 16059. 63 eee 6538. 32 20 15290. 23 5d’ 3Ps— 6p’’ 3P, 
6238. 58 5c 16024. 86 FOG « 9 FQCR 2G | 
ea, ae Od 16021. 49 5d’’ 8D3 5f 8B. 6539. 96 2 15286. 39 
O25. 69 at ee oe — a 6540. 73 12 15284. 59 | 5p %P;— 8d 3D; 
6250. 59 10 15994. 07 6p 3P. (S S$ 6544. O1 10 15276. 93 
6255. 53 500c 15981. 44 5d’ 3D3— 6p’ 'F; a. : ae. 2 
6545. 60 10 15273; 22 
256. 33 10) 15979. 39 6p’ 3Po 7s’ 3D3 6546. 97 20c 15270. 02 5d 5Di— 6p 3Po 
po 7 49 900¢c 15976. 43 5d’ 3F3— 6p’ 3F, 6555. 68 20 15249. 74 
6269. 70 le 15945. 32 6s’’ 3Ps 1p. *Bs 6564. 14 10) 15230. 08 7p *P.— 8d *%D3 
6272. 37 3¢ 15938. 53 5d’! 3De— 4f’ 3D, 6565. 37 15 15227. 23 7p %P,— 8d 3D3 
6273. 16 15 15936. 52 7p 5P, 8d ‘5D; 6567. 76 2 15221. 69 6d sD; — 4f’ IP, 
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TABLE 10.1. Observed lines of I 1—Continued 


\ (air) Intensity Wave Classification A(air) Intensity Wave Classification 
number number 
6567. 98 2 15221. 18 6902. 13 200Z 14484. 29 6s 3Si— 6p 5P, 
geet | ag [Meet] se ey on, | Sea | [ieee | erg 
1078. 5 0196. oe Sh ee fT 906. ¢ v4 4474. (p °*Fs— 9s -5S3 
6585. 21 400 15181. 35 6s’ 3Dj— 6p’ 8D, 6209. 98 2 14467. 83 Gp" '1D,— 7s" 3Ds 
6613. 82 4 15115. 68 4f’ 3H, 503,4 6256. 46 20 14371. 16 6d 5Dj— 8p 5P,? 
6618. 51 4 15104. 97 5p> *Pi— 6p 5P; 6958.78 | 1000Z 14366. 37 5d 5D3— 6p 5P; 
6621. 71 12 15097. ¢ 6970. 1 I 14342. 98 6d §D tj iD 
9621. 7 2 5097. 67 970. 15 4342. § kd «=S5D{— 4f’ 3D, 
6622. 35 120c 15096. 21 5d’ 3D3s— 6p’ *D, 6999. 2) 14283. 22 6d ‘DE 4f’ 3P, 
6633. 86 20 15070. 02 6p %*Po— 5d’ 3Pi 7018. 91 70c 14243. 30 5d’ *D3— 6p’ 3F; 
6638. 72 15 15058. 99 7p %P,— 8d 3Ds 7021. 60 20 14237. 84 5d 5Ds— 6p 51P; 
€646. 73 3 15040. 84 7022. 54 2h 14235. 94 5d’ 3F3— 4f’ 3D, 
6659. 49 20 15012. 02 7027. €1 5 14225. 67 6d *Ds— 8p 54P,? 
6665. 96 600Z 14997. 45 5p> 3Pi— 6p 5P, 502/. 88 3 14225. 12 5d’ 38} 6p"? 8D, 
6672. 27 100c 14983. 27 5d’ 1D3s— 6p’’ 3D, 7023. 0! 14224. 80 
6679. 77 6c 14966. 44 7032. v9 300¢ 14214. 78 5d’ 3Ds— 6p’ 3F, 
7042. 26 100c 14196. 07 5d’ 3Gi— 6p’ 3F, 
6685. 20 60¢ 14954. 29 6p’ 1D:— 7s’ 'D3 7057. 21 2h 14166. 00 5d’’ 3Di— 5f >F, 
conse | 6 | idsaies| ef sD a i: || somo, | ak |iezo7| Pe 
1690. ) J41. 68 id 3 DS 7p’ 2 7059. 07 ’ 4162. 27 
6705. 45 10c 14909. 13 6p’ 3Pr. 4s’ 3D3 7018. 72 20 14122. 95 5d’ 1865 6p’’ 3P, 
6708. 73 5e 14901. 84 
7085. 21 200c 14110. 02 5d’ 3Gj— 6p’ 3D, 
6709. 12 3c 14900. 97 6d %3D3— Tp’ '!D, 7100. 06 15 14080. 51 5d’ 3P3— 6p’’ 38, 
6711. 79 I 14895. 04 7101. 72 2 14077. 22 6p’ 'P\— 5d’ IP; 
6712. 03 ~ 14894. 51 5d’! 3F3— 4f’ 3G, 7115.08 10c 14050. 78 5p> 1P?— 6p’ 3D, 
a 7. 05 - ao as ala . 7133. 66 2 14014. 19 id *Dy— Of >5F;? 
6717. 74 0 $1. 85 6d *Ds— 8p 3P, 
7138. 97 100c 14003. 76 5d’ 3D3— 6p’ 3D, 
6718. 83 300Z 14879. 44 5d ®Di— 6p 3P, 7161. 45 2 1395). 81 
5d’ 1Ps— 6p’? 3P 7186. 15 2 3911. 8: 5d’ 1Si— Tp 5P 
6720. 66 100 14875. 3) - 7A. 7 ry bane - rf ata a ad’ 1S5— Tp Py 
6721. 43 20 14873. 68 7p §P.— 9s 583 7225. 81 1007 13835. 47 5d *>Di— 6p 5P, 
6725. 77 4e 14864. 08 
673y. 92 35 14832. 88 7248. 06 le 13792. 99 5d’’ 'F3;— 7p’ 3P, 
7254. 78 3h 13780. 22 5d’’ 1F3— Tp’ 3D, 
6744. 30 5h 14823. 24 Pak ee 7282. 83 10c, 7 | 13727. 14 Spt 8P,— 5p' 'D» 
6745. ‘ ; “4 $13 13 6d 3%D3 ip’ *F, ee $7 a “4 5f K ; Qq i 
6756. 7 j (95. G5 6p’ 3P,— 9s 583 7291. 3 3711. 1 5f %Fy— 9g G8 
6764. 17 150¢ 14/79. 70 5d’ 3Fj— 6p’ 'F; 
6768. 30 te 14770. 68 6d *Di— 4f’ 3D, 7311. 57 2 13673. 19 5f %F;— 9g 5G8 
7333. 13 13632. 99 5f 5F,— 9g 5G3 
6769. 53 3c 14768. 00 6s’ 3Ps— 4f 3F; 7342. 10 13616. 33 bf =F, oy IGS 
6771. 69 12c 14763. 29 6s’’ *P3s— 6p’’ *D, 7351. 35 5007 13599. 20 5d 5D3— 6p *P2 
6776. 53 2 14752. 74 7370. 31 3 13564. 21 6d *D3— 5f 3F; 
6777. 46 3 14750. 72 
6779. 17 8c 14/47. 00 7370. 83 te 13563. 26 6s’ IPi— 4f 3F, 
st Bs 7383. 49 15 13540. 00 6d *Di— Sf 5F, 
6787. 19 . 14729. 57 a ae = 7392. 26 10 13523. 94 6d *Ds— 5f 3Fs 
6796. 21 A 14710. 02 5f 5F;—10g *G% 7395. 57 5 13517. 89 6d’ — 8} ian 
6801. 80 2 14697. 93 6d 3D; 4f’ 3D, ae ts ie | 5f 3F, 9g 3G3 
6812.57 | 4000Z 14674. 70 5d 5D3— 6p 5P; 7398. 91 th 3511.78 || ge ose ogg 5Gs 
6816. 46 ic 14666. 32 7d 3D3 V1s.4 EN 5 
>) 9 a4 ay 9 Rr 3p Poe 
6820. 93 3 14656. 71 faae Ss | aeons ba” *Pi— 6p" 'Ds 
sRODP OR 9 ABSID « ed Qo Of 3 deh a ee ed o pom 
GBS. 9S ‘ 14652. 31 _ ee 7418. 52 6 13476. 07 4’ 3F, 125 
6824. 09 2 14649. 93 5d’’ 3Di— Sf 3F, 7493 85 15 13466. 39 
6825. 23 150c 14647. 48 6s’ 3D3— 6p’ 3F, 7435 26 Oe 13445, 72 
6825. 79 3 14646. 23 oe - piati 
6826. 83 2 14644. 05 7437. 64 . 13441. 42 
6831. 15 3 14634. 79 7p 3P,— 8d 5D3 7437. 87 i 13441. O1 
6832. 89 10 14631. 06 7438. 90 12 13439. 15 An 
6838. 60 3 14618. 84 7444. 29 25 13429. 42 6p’ 'So 32) 
6855. 90 3 14581. 95 5d’’ 3F3— Tp’ 3D; 7454. 79 3 13410. 50 
6860. 47 le 14572. 24 6d %Di— Tv’ 3F; 7454. 94 5 13410. 23 
6869. 78 I 14552. 49 7459. 00 20 13402. 93 6d *‘D3— 5f 5F, 
6879. 12 10 14532. 73 6p’ *P,— 7s’ 3D3 7461. 52 2d 13398. 41 7p *Pi:— Gd’ 143 
6880. 25 3 14530. 35 6p’ >P, is’ 3D? 7477. 07 5e 13370. 54 5d’ 3P% 6p’’ 'D2 
6888. 84 { 14512. 23 7481. 52 25 13362. 59 6d *D3— 5f 5F, 
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TABLE 10.1. Observed lines of I 1—Continued 








(air) Intensity Wave | Classification d(air) | Intensity| Wave Classification 
number | number 
7482. 88 10 13360. 16 6d *‘D3— 5f  [F; 7968. 61 5 12545. 79 
7484. 77 70 13356. 79 6d *‘Di— 5f 4Fs 7990. 27 2 12511. 78 | 
7488. 87 5 13349. 47 7991. 36 | 10c¢ 12510. O07 | 5d’’ 1Fg— 4f’ 3G, 
7505. 54 30 13319. 82 6d ®‘D3s— 5f 4F; 7993. 29 a | 12507. 05 | 
7506. 31 6h 13318, 46 |{  5d”’ 5F5 ae 7994. 65 2c =|: 12504. 93 | 6d’ =.23— 1o,3 
|\ 7p %Po— 6d 15} 
8000. 09 2 | 12496. 42 | 7d ‘D3— 8f ‘5F, 
7508. 34 10 13314. 86 | 6d 5‘Di— df 5F, 8008. 32 2 | 12483. 58 
7535. 77 5 13266. 39 8009. 28 3 12482. 08 
7544. 05 3 13251. 83 | 8009. 84 1 | 12481. 21 
7557. 96 25 13227. 44 | 8014. 03 1 | 12474. 69 | 
7563. 20 25 13218. 28 
| 8049. 51 3 12419. 70 | 7d ®‘Di— Sf 4F;s 
7563. 66 2c 13217. 47 | 8055. 06 20 12411. 14 | 
7569. 15 25 13207. 89 | 8056. 54 2 12408. 86 
7573. 40 7d 13200. 48 | 6s’! 1P3— 6p’ 3P, 8060. 37 | 12402. 97 | 7d ‘Di— 8f 5F, 
7578. 96 20 13190. 79 | 8150. 57 l 12265. 71 | 5f  %Fe— 8g 3°G5 
7579. 95 | 13189. 07 
8152. 46 2 12262. 87 Sf  5Fs— 8g 5G3 
7585. 53 2c 13179. 37 8153. 83 30c 12260. 80 6p’’ 3P.— 6g  5G3 
7592. 03 I 13168. 08 5f 3Fy— 99 5G3 8154. 53 | 3 12259. 75 5f 5Fy— 8g 5G3 
7595. 37 300Z 13162. 29 5d 5Ds— 6p 5P, 8159. 49 10 12252. 30 5d’ 1Gi— 6p’ 3F, 
7596. 33 20 13160. 63 6a’ 13— 1o,3 8162. 42 1 12247. 90 Sp 3P,— 373 
7612. 27 | 13133. 07 5f 3F.— 9g 3G3? | 
8166. 29 1 | 12242. 10 | 6p’’ 1P;— 7s'’ 3P% 
7617. 95 3h 13123. 28 6d’ 33— 8f 3F, 8170. 07 100c =|: 12236. 43 | 5d’ 3Fs— 6p’ 3D, 
7618. 50 100c 13122. 33 5d’ 3D3— 6p’ 3F, 8177. 60 le 12225. 17 
7623. 23 20 13114. 19 8179. 15 4 12222. 85 Sf  %F;s— 8g 5G% 
7627. 3 th 13107. 17 8180. 76 le 12220. 44 | 
7636. 62 2 13091. 20 7d %D3— Of 37F, 
8183. 27 30 | 12216. 70 
7640. 28 7c 13084. 92 8185.11 | 8c | 12213. 95 
7654. 26 le 13061. 03 7d 3D3— tas 8194. 84 40 12199. 45 
7657. 94 150c, Z| 13054. 75 5d 5D3s— 6p 5P, 8205. 68 5. 12183. 33 
7665. 69 200¢ 13041. 55 5d’ 3Fy— 6p’ 3F; 8206. 08 4 12182. 74 
7683. 47 8c 13011. 37 5d’ 1F3s— Tp 3P, 
8206. 49 2 12182. 13 5f 5F,— 8g 5G 
7684. 82 le 13009. 09 8217. 11° 8 12166. 38 5f 5Fi— 8g  *G3 
7685. 30 3c 13008. 27 8217. 27 30 12166. 15 5d’ 1Gj— 6p’ 3D; 
7690. 55 10c 12999. 39 5d’ 3Gy— 6p’ 'F; 8235. 20 15 12139. 66 
7691. 29 3 12998. 14 6d *Di— 5f  §F, 8246. 21 30 12123. 45 5d’’ 3Ds— 6p’’ 1D, 
7703. 21 5 12978. 03 6d *D} 5f 5F, 
8251. 79 100c, Z| 12115. 25 5d 3%Ds— 6p 3P, 
7707. 95 3c 12970. 05 8253. 84 25 | 12112. 24 5d’ 3Pi— 6p’ 3D, 
7713. 17 th 12961. 27 8256. 54 le | 12108. 28 | 7p’ *P.— 403 
7724. 21 3 12942. 75 8272. 20 le 12084. 34 | 5d’ IF3— 4f 3F, 
7735. 78 75c 12923. 39 5d’ 3D3 6p’ 3D, 8286. 65 2c 12064. 29 
7756. 05 15 12889. 61 5d’’ 2Ps— 6p’’ IP, 
7 mee. 8288. 55 2 12061.52 | Sf 3Fs— 8g 3G; 
7757. 58 9 12887. 07 7 a 8296. 73 2c | 12049. 63 | 4f 5F.— 6d’ 8; 
Ll gh g Poa = 5d’ 1D3— Tp Py 8307. 51 2 12033.99 | 6d %Di— 7p’ 3P, 
7786. 1 Z 2839. 7- NT e pes ih 4 5F'.— 6d’ ° 
7787. 04 3e 12838. 32 6p 3P,— 5d’ 3P3 8316. 16 lic = |_ 12021. 48 i 7p eo 6a of 
7798. 98 500 12818. 66 | | , 
| 
7824. 91 3 12776. 18 aoe ae o | eee 
7840, 37 z 12750, 99 ) 8323. 23 4 12011. 27 . 
ween an - oe oo 5d’ 3P3— 6p’’ 'P, 8330. 75 1h 12000. 42 8p %P,—lld *°D3 
7840. 46 2 12750. 85 |{ pee ‘ er oi " 
aaa a re pat : ee 8356. Of 2c 11962. 87 6d’ 103— 12;,2 
7843. 31 3c 12746. 21 6d 93 113,4 8366. 51 36 11949. 13 
7862. 79 3 12714. 63 6d’ 93— 10.,3 —— be ro 
7876. 51 1 12692. 49 8372. 94 35 11939. 96 4f 5Fy— 5g 3G§ 
7881. 21 | 12684. 92 7d *‘Ds— 8f 3F; 8380. 68 le 11928. 93 | 6p" 'So— 2 wali 
7884. 39 0c |: 12679. 80 | 8385. 74 6c | 11921.73 |{ 5d’ *Ps— ip oP, 
7886. 55 2c 12676. 33 | A a 
7886. 82 2 12675. 89 8398. 74 3h | 11903. 28 6d’ 103s— 102,3 
7887. 70 3 12674. 48 8400. 03 15 11901. 45 | 4f ‘5F,;— 5g 5G3 
7905. 57 l 12645. 83 8403. 62 12c | 11896. 36 | 4f 5F.— 5g 5G; 
7925. 58 2c 12613. 90 8408. 67 80 | 11889. 22 | 4f 5F.— 5g 5G3 
7956. 47 | 12564. 93 7d ‘D3s— 8f ‘'F; 8412. 78 6 11883. 41 4f 5F;— 5g 3G} 
7956. 89 3c 12564. 27 5d’’ 3Fs 5f 3F; 8414. 32! | 11881. 24 4f ‘5F;— 5g 3G§ 
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TaBLE 10.1. Observed lines of I 11—Continued 





A(air) | Intensity; Wave | Classification (air) Intensity | Wave | Classification 
| / number | | | number | 
8414.60 | 1507 11880. 84 | 4f 5%Fs— 5g 5Gé 9259. 42 I | 10796. 85 | 6d *Ds— 8p 5P,? 
8417.50 | 2 11876. 75 9260.84 | 2 | 10795. 19 | if’ 3G, 17?» 
8418. 93 7 11874. 73 9262. 73 3 10792. 99 | f * 
8421. OL 7 11871. 80 9265. 97 4 | 10789. 22 | 
8423.60 | 60w, Z| 11868. 15 4f 5Fs— 5g 5G; 9274. 68 lh | 10779. 09 | 
8436.08 | 20 | 11850.59| 4f 5%F.— 5g 3°G3 9302. 41 10746. 95 | 
8436.92 | 5 11849. 41 | 4f 5F,— 5g 5G3 9304. 65 2c 10744. 37 | 5d’ 3Ps— 4f 3F; 
eites: | Ree 5d’’ 3P3— 6p’’ 3P, 9361. 26 1 10679. 39 5d’ 3PS— 6p’’ 8P, 
8445.31 | 6c 11837. 64 |{ 54’ 3P3— 6p’’sP, aed elaine ” s— Gp’? 
cae 7 os ll 4f SFs— 5g Gi 9394. 32 lh 10641. 81 
8450. 62 30Z 11830. 20 | 4f 5F,— 5g 5G3 9405. 73 2 10628. 90 | 
$455. 66 | S 11823. 15 | 
eee eae 9406. 75 I 10627. 75 5d’’ 3P3— 6p’’ 38, 
8474. 57 2h 11796. 77 9420. 09 1 10612. 70 | 
8475. 37 40 11795. 65 9480. 33 lOc =| 10545. 26 5d’ 1D3s— 6p’ 'D, 
8476.46 | 10c 11794. 14 5d’’ 1Ds— 6p’! 3P; 9506. 70 | 10516. 01 } 
8478. 21 Lh 11791. 70 9538. 51 3 10480. 94 Sd *Di— 6p 3P, 
8478. 85 50 11790. 81 if 5Fi— 5g 5G} 4 
ta ey 9541. 02 I 10478. 19 6d *Ds— 5f 3F, 
8479.80 | 30 11789. 49 | 9616. 67 { 10395. 76 | 6d °D3— 5f 3F, 
8497. 89 | 2 11764. 40 9625. 06 { 10386. 70 6d *Di— 5f 3F 
8505. 90 | 20 l 1753. 32 5d’ 3%P3— 7p 3P, 9766. 73 l 10236. 03 ; 
8528. 14 I 11722. 67 5f  3%Fiw— 8g 3G5 9908. 38 I 10089. 70 5d’ *Di— 6p’ Py 
8556. 54 1 11683. 76 5f 3%Fy— 8g G3 
Lid " oat 10405. 49 6 9607. 68 5d 3Ds— 6p 3P, 
8564. 35 3 11673. 10 10418. 15 | 9596. 00 7p ®P:— 7d 5D; 
8605. 13 10 11617. 78 10691. 12 1 9351. 00 
8606. 54 2 11615. 88 11084. 68 1 9018. 99 7p  5P;— 7d 5D; 
8623. 44 1Z 11593. 12 5d 5Di— 6p 5P, 
8638. 89 3 11572. 38 . 
8639. 88 3 11571. 06 5d’ 3F3s— 6p’ 'D, 
8643. 72 3 11565. 92 5d’’ 3D3— 6p’’ 3D, 
8704. 22 10Z 11485. 53 5d 5‘Di— 6p 5P, 
8793. 87 10Z 11368. 44 4f 3%F3;— 5g 3G; 
8804. 23 10c 11355. 06 5d’ 3F3— 6p’ 3F, Meanings of the letters following the intensities in this table: 
c Complex line, showing resolved or partially resolved structure. Most of the 


lines having large intensities not followed by this symbol actually have com- 


8877. 61 | 20 1 1261. 20 5d’ 3¢ ri a 6p’ a8 plex structures masked by line width. 
S968. 844 11146. 66 | 4f 3F.— 5g °*G3 d Double line. In the air region this is usually hyperfine structure. 
) c 0 x 4 YJ : 
8969. 42 30Z 11145. 93 5d *D§— 6p 3P, . 
- a ‘ » en ~ rN d ae eC. 

8999. 07 é 1] 109. 21 4f F Fy, Og 8G Z Zeeman pattern given in table 10.2. 
9009. 86 | 10 11095. 91 4f aK, 5g 8GS 

| | NOTES: 

The i since it is partly askec j 4 
9015. 63 | 2 11088. 80 4f 5F,— 5g 3Gs me vega aaa of this line is calculated, since it is partly masked by the I1 
9036. 92 | 2 11062. 68 | b The line at this position belongs partly to I1. 
9042. 76 | 10 11055. 54 | 5d’ 1G3— 6p’ IF’, _ © The relative intensities of this line in the high and low pressure discharges 
9063. 59 1 11030. 13 | indicate that it belongs primarily to the I1 spectrum; however, since both 7s’’ Po 
whatcha 3 4st ee —— and 7s’’ 3P; of lu! combine with 7p levels, it is likely that the transition given here 
9185. 41 | 3 10883. 84 6s’’ 3Pi— 6p’ 3>P, occurs. 

| 4 Part of this double line is due to an I1 transition. 

~ oF ‘ oy 2 Tho . , e The intensity of this line is given as it appears on the plate. The line at 
9195. 87 30 10871. 46 5d i Op Po 8217.27 A probably has a component overlapping the weaker line expected at 
9214. 67 2 10849. 28 6d *D3s— 47’ 3F; 8217.11 A. 
9236. 12 6 10824. 09 f The calculated wavelength of this line is coincident with an I1 line of intensity 
9 ‘ > > 0, 

9244. 02 5 Aoi 4. S4 : ay a) £ Line not resolved from the I1 line of intensity 300 at 8969.04 A. The wave- 
9255. 17 3 10801. 81 6d %D3 if’ "454 length given for the expected I 1 line is a calculated value. 
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TABLE 10.2. Zeeman effect data for Iu 











nN Zeeman patterns r Zeeman patterns 


.) 0.659, 1.434 5405. 42 (0.00w) 1.622w 


ei73. 830 (. 
$225. 542 (0.00w) 1.187w 5438. 00 (0.000, 0.380) 0.629, 1.013, 1.397 
4235. 511 (. . .) 0.719, 1.095 5491. 50 (0.000, 0.262, 0.532) 1.084, 1.353, 1.623, 1.882 
4342. 078 (0.841) 1.467, 2.304 5504. 7: (0.000) 1.773 
4376. 139 (0.00w) 0.795 A 5593. 12 (0.224) 0.680, 0.903 
1403. 566 (0.00w) 1.238 B || 5625. 69 (0.000, 0.253) 1.232, 1.494, 1.743 
1408. 954 (0.00w) 0.841 A | 5678. 08 (0.329, 0.659) 0.567, 0.892, 1.242, 1.584 
$412. 333 (. .2,) BFSt 5690. 91 (0.000, 0.208, 0.415) 1.196, 1.454, 1.631 
1423. 725 (0.000, 0.873) 0.602, 1.440, 2.301 5702. 05 (0.00w) 1.064w 
1428.195 (0.00w) 1.33w 5710. 53 (0.362, 0.529) 1.275w 
4442. 562 (0.000) 0.687 || 5738.27 (0.000) 1.519 
4444, 873 (0.272, 0.550) 1.187, 1.452, 1.715, 1.980 | 5760. 72 (0.000, 0.524) 0.649, 1.170, 1.681 
4446. 742 (0.000) 2.308 5920. 59 (0.00w) 1.402w 
1452. 858 (0.000, 0.264, 0.548) 0.862, 1.108, 1.432, 1.718 || 5950. 25 (0.240) 1.514, 1.760 
1456. 625 (. . .) 1.388, 1.821 6068. 93 (0.000, 0.243) 0.911, 1.145 
1460. 185 (1.512) 0.000 6074. 98 (0.000, 0.139, 0.286) . . . 1.269, 1.393 
1464. 338 (0.00w) 1.127w 6127. 49 (0.000, 0.309) 0,932, 1.219, 1.548 
1473. 412 (0.00w) 1.252 B 6148. 34 (0.000) 1.533 
1476. 037 (0.000) 0.674 6204. 86 (0.00w) 1.026w 
1488. 552 (0.586) 0.908, 1.497 6516. 18 (0.00w) 0.847w 
1540. 644 (. . .) 1.084, 1.425 6665. 96 (0.785) 1.525, 2.316 
4560. 612 (0.00w) 1.136w 6718. 83 (0.00w) 1.518w 
1574. 090 (0.841) 1.438, 2.298 6812. 57 (0.168, 0.341, 0.496) 1.131, 1,303, 1.462, 1.623, 
4576. 550 = (0.00w) 0.465w 1.791, 1.949 
4590. 930 (0.00w) 1.203 B 6902. 13 (0.00w) 1.7150 
6958. 78 (0.000, 0.151, 0.300, 0.446) 1.028, 1,173, 1,330, 
1599. 769 (0.00w) 0.561 A 1.491 
1611. 224 (0.330) 0.671, 1.083 
1621. 854 (0.00w) 1.084w 7225. 81 (0.000) 2.310 
4632. 446 (0.423, 0.814) 1.160, 1.514, 1.899, 2.314 7282. 83 (. . . 1.042w, 1.459, 1.860) 0.393, 0.808W 
7391. 35 (0.000, 0.257, 0.527) 0.943, 1.199, 1.472, 1.730, 


1675. 5380 (0.168w) 1.048w 


1.968 
$806. 402 (0.453w) 0.794, 1.105, 1.310w 7595. 37 (0.309, 0.570) 1.136, 1.435, 1.737, 2.047 
1828. 252 (.. .) 1.4/78w 7657. 94 (@.000, 0.874) 0.561, 1.436, 2.316 
1884. 828 (0.00w) 1.104w 
1986. 922 (0.000, 0.484) 0.686, 1.157, 1.629 8251. 79 (0.372, 0.759) 0.751, 1.123, 1.502, 1.886 
) 


(0.000) 0,656 8414.60 (0.00W) 1.05w 
8423.60 (0.00W) 1.03w 

5065. 37 (0.00w) 1.5650 8450. 62 (0.00W) 0.69w 
5156. 41 (0.000, 0.406) 1.507, 1.891, 2.319 8623. 44 (0.009, 0.304) 1.728, 1.995 
5161. 20 (0.000, 0.267, 0.589) 1.052, 1.348, 1.720, 2.045 
5214. O8 (0.00w) 1.590 B 8704. 22 (0.823) 1.483, 2.325 
5216. 27 (0.000, 0.218) 0.924, 1.143 8793. 87 (0.00w) 0.97w 

8969. 42 (0.000, 0.440) 0.713, 1.134 


) 
5046. 4: 





5245. 71 (0.00w) 1.353w 

5265. 16 (0.351) 0.643, 1.016 —— — 

5322. 80 (0.000) 1.536 The letters A and Bin this table indicate the type of shading displayed by the 
5338. 22 (0.00w) 1.025w unresolved patterns: 

5345.15 (0.00w) 1.139 i indicates “| [~» 

: B indicates |~_ “|, 


w Wide line, usually several unresolved components, 
W Very wide line. 
Unresolved or incomplete patterns were treated as “‘blend’’ or “strongest line 
only’’ patterns in the calculation of gy values. 


The magnetic displacements, in Lorentz units, of the Zeeman components with 
polarization parallel to the field are given in parentheses. The displacements of 
the perpendicularly-polarized components follow, outside the parentheses. 
Bold type indicates strongest components. 
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TABLE 19.3. Hven levels of I 11 


j j 
| 








Designation | Level gy || Designation Level gs Designation Level qy 
5pt 3P, 0. 0 1. 457 if =3F, 125477. 08 7p’ 3Po 140327. 95 
5p* 3P, 7087. 0 1. 51 4f 3F; 125226. 92 Tp’ 3F. 140383. 95 
5p* 3Po 6447. 9 if §63F, 125524. 56 6:83 4h 7p’ 3D» 142039. 80 
5p* 'De 13727. 2 1. 046 7p 3P» 126404. 16 8p 3P, 136700. 57 
7p 3P, 126235. 91 Sp 3P, 136408. 45 
5p* So 29501. 3 7p 3Po 127181. 90 
6f 545F; 141088. 90 
6p *P, ae 61 2. 309 5f 5F; 135182. 87 6f >F, 141073. 17 
6p *P. 99327. 14 1. 714 5f 5F, 135140. 95 6f 5Fs 141080. 89 
6p Ps 100402. 68 1. 638 5f 5F; 135138. 51 6f 5F, 141094. 09 ? 
5f 5F, 135221. 58 
6p °P» 102613. 52 1. 501 5f 5F, 135241. 72 6f 3F, 141471. 00 
6p 3P, 101644. 21 1. 520 6f 3F; 141398. 31 
6p %Po 103004. 04 5f 3F, 135684. 08 6f 3F, 141529. 89 
5f 3F; 135342. 60 
6p’ 3D, 110006. 71 0. 915 5f 3F, 135725. 82 if >5F; 144629. 91 
6p’ °F, 111298. 09 0. 915 7f 5F, 144619. 97 
6p’ 3D, 112179. 49 1. 158 8p 5P,? 136044. 28 7f 5F; 144630. 32 
6p’ 3F3 112419. 04 1.12 8p  5P3? 136197. 24 
6p’ 'P, 113812. 79 0. 985 7f §F, 144896. 23 
6p’ IF; 114157. 21 1.13 tf’ 3G, 136090. 15 7f 3F3 144810. 22 
6p’ *Po 114635. 82 $f’ 3F, 136096. 79 Tf 3F, 144919. 15 
6p’ °Ds; 115267. 82 1. 212 if’ 3D; 136169. 16 
6p’ 3F, 115353. 94 1. 29 4f’ 3F, 136526. 91 5f’ (1lo3 146460. 44 
6p’ °P. 115708. 45 1. 425 af’ 3H, 136752. 36 2053 146973. OO 
6p’ ®P, 116084. 84 1. 39 if’ 3H, 136802. 13 4f"" 135,3 147942. 43 
6p’ 1D, 119082. 78 wy | Hf’ 3D» 137014. 34 43,4 148646. 01 
1f’ 3P, 137393. 02 7p'’ | 52,3 148830. 03 
6p’’ 3D, 123520. 74 62,354 148972. 30 
6p’’ 3Py 125006. 38 if’ 3P, 137640. 93 17. 149204. 87 
6p’’ 3P, 125162. 00 Af’ 3Po 138236. 41 Sp’ 18,2 149367. 05 
6p’’ 3D, 125222. 20 0. 83 Ls if’ 3G 139449. 71 102,3 150219. 69 
6p’’ 35; 128563. 14 L731 Hf’ 3B, 139499. 57 113,4 150251. 30 
6p’’ 2D; 129431. 27 1.32 L tf’ 3G, 139691. 25 12;,2 150279. 40 
6p’’ 3P, 129772. 76 if’ 1G, 139719. 12 13,3 150648. 09 
6p’’ IP, 130824. 99 if’ 3D, 140036. 78 
6p’ 1D» 131444. 69 1.26 L if’ IF; 140387. 24 Sf 5F; 146922. 08 
6p"’ So 134363. 21 tf’ ID, 140492. 31 Sf 5F, 146938. 07 
if’ IP, 140560. 53 Sf 55 146934. 47 
4f 5F; 124742. 50 8f  5F, 146949, 97 
tf | 5, 124683. 79 7p’ *D, 136209. 25 
1f «OF; 124711. 93 Tp’ *Py 136659. 84 Sf 3F; 147054. 27 
{f 5%F, 124783. 18 Tp’ 3Dsz 137360. 30 Sf 3F, 147147. 10 
sf = 45F, 124841. 77 7p’ 3P, 137373. 06 
7p’ 3F, 139911. 38 Of 5F; 148516. 58 ? 
7p 5P, 124950. 92 7p’ 3F, 140108. 06 Of 5F, 148513. 52 ? 
7p 5P»2 125084. 32 7p’ 'F 140163. 63 9f 5F; 148519. 48 ? 
7p §5P 125483. 51 7p’ 1D. 140189. 27 
7p’ 3P, 140254. 97 Of 3F, 148676. 16 
a The letter ‘‘L”’ following a gy value indicates that the value is taken from Lacroute [3]. 
TABLE 10.4. Odd levels of Iu 
Designation Level qy Designation Level gy Designation Level qy 
6s 583 81032. 70 1. 95 5d 4D3 85727. 98 1. 457 6s’ 1D3 97700. 81 0. 996 
5d 5D; 86036. 32 1. 480 
6s 38; 84842. 87 1. 753 5d’ 3D3 97083. 30 1.26L* 
5d 3D; 92132. 61 0. 685 5d’ 3P6 97894. 42 
5p® 3P3 81907. 83 1. 54 “ as bey oF l. 13 38 5d’ »D3 98175. 75 
5p 3Ps 84992 19 1. 530 oO 3 93005. 95 1. 35 od Fj 99377. 47 
~ a 5d’ 3F3 99943. 10 
5p’ *Pé 90404. 95 oe * im od °F 943. 1 
)} ( 6s’ 3D; §4825. 33 0. 653 5d’ 3G3 101157. 79 
6s’ 3Ds3 93691. 35 1. 16 5d’ 1G5 103101. 57 
5d 45D§5 85384. 15 6s’ 3Ds3 96650. 55 L. 36 5d’ 3D; 104546. 19 
5d 5D} 87734. 06 1. 472 5d! 3F5 107511. 77 
5d 5D3$ 86164. 86 1. 454 5p® 1P3 95955. 85 1. 05 5d’ 3G3 107625. 89 
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Designation 


5d’ 1Ds 
5d’ Si 
5d’ 1S5 


5d’ 1F3 
5d’ 3P3 
5d’ 1P3% 
5d’ 3P3 


6s’’ 3P3 


6s'/ PF 
6s’’ 3P5 
6s’/ IP; 


ba’? 8P 

7s SS 

7s Si 

6d 5Di 
6d 5D; 
6d ®*Ds 
6d SDs 
6d 5D; 
6d IDs; 
6d 3D3 
6d 3D; 
7s’ 3Dj 
7s’ 3D3 
7s’ 3D 

SS Ss 

SS sj 

6d’ 15 
6d’ = 23 
6d’ 33 
6d’ $) 
6d’ Dj 
6d’ 67.2 
6d’ 79 
6d’ Si 
6d’ QS 
6d’ 103 
6d’ 116 
6d’ 12; 
6d’ 137.2 
6d’ 143 
6d’ 155 
7s’ 1D3 
7d IDs 
7d *®‘D; 
7d 8D3 
7d >D3 
7d =>D3 


Lev 


108537. 
109295. 
111039. 


113392 


114482. 
114897. 
118074. 


105200. 
106103. 


110458 


111961. : 


118607. 5 


L19888 


bo DO bo DO bo 


el 


50 
15 
06 
, oe 
59 
43 
09 


97 
28 
. 93 


7. 06 


. 93 


52 


- 


. 71 


2. 39 


0. 


89 L 


. 894 


. 466 
. 453 
. 424 


. 476 


92 


. 095 
. 674 


. 16 
. 81 


bo bo bo 
Ja 


.09 L 
. O4 


_ 


TABLE 10.4. Odd levels of I u—Continued 


Designatic 


) 


7d 3D3 
7d 3D3 
7d %Dj 
5g 5( re 
5g 5G8 
5g 5G} 
5g ®G3 
5g ®G3 
5g 3G5 
5g GG 
5g 4 ¥3 
Ys 585 
Ys Si 
8d 5Dé 
8d 5D; 
Sd IDs 
8d §D3 
8d 5D; 
8d 3D; 
8d 3%Ds 
8d %D3 
6g °*Gé 
6g 5G5 
6g °Gj 
6g °G3 
6g °G3 
6g °G5 
6g 8G; 
6g 3G3 
78'' 3P§ 
1a FEY 
10s 585 
10s 383 
9d 5D; 
Od 5D; 
Od IDS 
Od IDs 
8s’ 3D; 
8s’ 3D3 
7g = =®G8 
7g 5G§ 
7g °G3 
4g 5GS 
7g °G3 
7g =3G3 
7g =°Gj 
7g 3G§ 
203, 
213 
6d!" ) 245, 
7d’ \25% 
263 
(293 


n 


Level gs 





135584. 94 lls 5S 
134960. 14 
136187. 03 lls 38; 
136623. 34 10d *D3? | 
136573. 00 10d *D3 
136580. 12 
136613. 38 (303 
136632. 59 1318 
|32% 

136623. 74 spe tee 
136595. 35 3 33.5% | 
136633. 77 or cone 

vig 1353,3 
139957. 94 o8 1363 

YF 1373 
140125. 66 383 

393 

140863. 42 103 
140887. 40 
140870. 64 8q 5G8 
140879. 23 8g G8 
140889. 98 89 G3 

8g 5G3 
141520. 48 8g 5G 
141463. 16 
141634. 22 8g 3G8 

8g 3G; 
142028. 75 8g 3G3 
142018. 43 
142018. 60 12s 3S{ 
142022. 92 
142033. 75 lld *D3 
142030. 64 9g 5G8 
142023. 04 9g >G3 
142035. 14 9g *G4 

9g G3 
143067. 20 9g G3 
143246. 49 | 

99 *Ge i 
144023. 57 9g 3G3 

9g 3G3 
144182. 29 

12d ID3 
144587. 78 
144591. 35 ? 10g °Gi 





144832. 02 $19,0,3 
144964. 91 125 
6d’’ 437,2 
144641. 3 443,3 
144677. 46 7d’ |453,2 
465 
145289. 63 5g’ |473, 
145282. 77 483 
145283. 23 19?,5 
145285. 87 503.4 
145292. 52 517,2,3 
145291. 03 13d 3D3 
145285. 17 
145293. 69 lig °Gs 
145837. 74 14d 2D3 


146291. 96 
146481. 11 
146784. 94 
146850. 17 
147020. 40 


® The letter “‘L”’ following a gy value indicates that the value is taken from Lacroute [3] 
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Level 





146577. ¢ 
146589. « 


147141. 
147307. 


147242. ; 


147356. 
147792. 
147824. 
147863. 
147987. 
148079. 


148307. « 


148656. 
148898. 
149266. 
149481. 


405. 
47400. 


403. 


sIsisist J 


148700. 


148856. 
148852. 
148853. 
148854. 
148857. 


148856. 
148854. 
148858. 


149644. 
149892. 


149866. 
150002. 
150219. 
150324. 
150345. 
150366. 
150486. 
150594. 
151744. 
151917. 
152199. 


150608. 
150659. 
151192. 


151242. 


401. ¢ 
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The Third Spectrum of Gold (Au 111) 


Laura Iglesias ' 


(July 21, 1960) 


The spark spectrum of gold has been photographed in a helium atmosphere from 500 A 


to 6600 A. 


About 500 lines have been assigned to the third spectrum, Au 11, and separated 


from those belonging to different stages of ionization, by observation of the polarity of the 


lines. 


configurations; and 45 odd levels, belonging to the 5d’ 6p and 5d’ 6s 6p configurations. 


Sixty two levels have been found: 17 even levels, arising from the 5d® and 5d’ 6s 


All of 


the expected levels from the configurations 5d®, 5d’ 6s and &d8 6p have been identified except 


for the very high terms based on the 5d8(!8S) core of Au Iv. 


to classify 256 lines. 


1. Introduction 


The first and second spectra of gold were studied 
some years ago, but apparently no attempt has been 
made to study the structure of the third spectrum, 
(Au It). 

As in most spectra of the third long period, the 
Aur spectrum reveals a coupling intermediate 
between LS-coupling and j7-coupling since the spin- 
spin interaction and the spin-orbit interaction are 
both large. It approaches 77-coupling rather than 
LS, especially in the case of levels belonging to the 
5d° 6p configuration. 

It is, therefore, very difficult to describe the 
observed levels rigorously in any one scheme. Ac- 
cordingly, the even levels and the odd quartet levels 
based on 5d8(@F), which are perhaps closer to LS- 
coupling, have been given names in that system, and 
the other odd levels have been given numbers simply 
for identification. 


2. Analysis and Results 


The analysis is based mainly on plates taken on 
the 2-m vacuum spectrograph at Princeton, in the 
wavelength region 500 to 2200 A. 

The light source was a condensed spark in helium 
at a pressure of approximately 1 atm. 

In order to excite the third spectrum and to be 
able to differentiate it from the other stages of 
ionization, the same technique was used that A. G. 
Shenstone has described in his paper on Ni ur.’ 
Initially, the exposures were limited by the clogging 
of the slit by gold particles, sputtered from the spark 
source. Apparently gold has a pronounced tendency 
to sputter and the complete clogging of the slit took 
only one or two min, instead of the half hour or more 
which is commonly found with other metals. To 
avoid this limitation, it was necessary to fill the body 
of the spectrograph with helium to atmospheric pres- 
sure, so that there would be no flow through the slit. 
For the spectrograms taken above 1200 A, this was 





1 Princeton University, Princeton, N.J. 


2A. G. Shenstone, J. Opt. Soc. Am. 44, 749 (1954). 


| 


| 
| 
| 
| 


| 


With these levels it was possible 


not necessary since the lithium fluoride window 
separated the spectrograph from the source. 

The spectrograms were photographed on Ilford 
Q-—2 plates and the exposures varied from 1 to 15 
min. The impurity lines of nitrogen, oxygen, and 
carbon present on the plates were used as standards. 
The estimated probable error of the experimental 
wavelengths entered in table 1, column 1, is + 0.01 A. 

To complete the observations, other plates were 
taken on the 21-ft grating in a Wadsworth mounting 
by using Eastman 103a0 plates, 103aD, and 103aF 
according to the region. About 500 lines in all were 
assigned to the third spectrum. 

The lowest levels should be the *Doy, and Diy, 
of the 5d° cofinguration, and by comparison with the 
Aur and Aum spectra,® the interval between them 
should be about —13000 em™!. The equivalent 
interval in Aut and 11 is as follows: 
5d? 6s? 


Aul *Da—Dix — 12274 


-oO~ 


Aum 5@0(?D)6s *D; °D, —12725 
In fact, we found it to be —12694.0 in Aurtt. 

In order to have some idea about the position of 
the levels of the 5d°6s and 5d* 6p configurations we 
plotted Ir1 and Pt 1m and the analogous spectra of 
the second long period Rh1, Pd m and Ag 1, using 
the values given in “Atomic Energy Levels’’.* ‘To 
find the levels the usual method of searching for 
equal wave-number differences was used. 

A remarkable similarity was found in the case of 
the terms arising from the 5d*6s configuration. 
This relationship is shown in figure 1 where the 
relative values of the levels of Ir1, Pt 1 and Au 1m 
are plotted against J-values. 

Based on this similarity and the reason explained 
above, a tentative LS-term assignment has been 
made and is given in table 2, where all the known 
even levels are arranged in increasing numerical order. 

In the case of the odd configuration 5d* 6p, the 
levels are so mixed in character that it is meaningless 
to group them into terms. A very tentative desig- 
nation based on combinations and intensities appears 


3C. E. Moore, Atomic Energy Levels, NBS Cire. 467 (1958). 
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in table 3, but these names, except for the quartet 


Ir Pt I Au II ese ne | 
levels based on 5d°(°F), are not used in the line 
-— | list of table 1. Instead, the levels are assigned 
wy! | numbers for identification. 
ws WP 0 __t | In table 3, 43 levels of the 5d* 6p configuration 
30000 OS ons | are listed, plus two more belonging to the 5d’ 6s 6p 
3 ! | > . - 
’ co le ee sal | configuration. 
. bad | r a | The configurations 5d°, 5d°6s and 5d°6p are 
| sooot_ — ss complete except for the usual failure to find the 
“\s ~~ % levels based on 5d5(!8) of 
anv \*o ‘ol evels based on 5d°('S) of Au Iv. 
4 = _ - 7 ° ° ° 
— Pa on ‘es With the 62 levels found, it was possible to classify 
_ ine = | 256 of the 500 observed lines attributable to Au 11 
' 7 1y § ) as ° j s » 
Bi = ow as they appear in table 1. 
Za F | bass | a 
wee oa 
100004 my \4, \*- ry ’ . > P \ 
\*F ial hin Ihe author expresses gratitude to Professor A. G. 
7 | \ Shenstone for his suggestion of this research and for 
= \__ 30000 \.. | his assistance during the course of the work. My 
thanks are also due to Princeton University which 
Ve Ie Ov 3% 4% te 2 2232 42 2 Ie 2 324% | Made my stay in Princeton possible through an 


Figure 1. 


Configuration 5d’6s in Iri1, Ptir, and Auttt. 


TABLE 1. Jdentified lines of Aum 


appointment as a Research Assistant on the Eugene 
Higgins Fund. 








i 
| 


. A 
Intensity] Intensity} 





A(vac.) | and | Wave No. Combination A(vae.) and | Wave No. Combination 
icharacter| character 

A } ema A emt 
751. 554 2 | 133057. 6 a 2? Doy— 4251, 977. 318 10 102320. 8 a?Do— 2 *Ghr, 
763. 497 20 | 130976. 3 a? Doy—A0iu4 989. 408 25 101070. 5 a 2? Dyy.—19b1, 
779. 728 30 128249. 8 a? Dow—38jx 998. 156 20 100184. 7 a? Diy 2 AF Sx 
788. 783 30 126777. 6 a *Fy— 443, 1034. 206 60 96692. 5 a ?Dy— 24F ix, 
811. 394 | 25 123244. 7 a 4F314.—4531, 1040. 650 100 96093. 8 a?Do— 2 !G3x% 
811. 831 40 | 123178.3 a *Doy—32%x, 1044. 497 80 95739. 9 a?Doa— z4Dir 
816. 129 3 122529. 6 a? Doy—3 131 1046. 825 80 95526. 9 a ?Diy—1 434 
817. 96 50 122256 a 2 Dyy— 4354 1054. 192 10 94859. 4 a 2Dy—13 31 
820. 053 40 121943. 3 a? Dow—29iu 1086. 110 10 92072. 5 a 4Fy.— 2831, 
820. 846 5 121825. 5 a 2? Doy—2831, 1123. 172 5 89033. 5 a?Dyw— 24Di 
823. 338 10 | 121456. 8 a *Fyy—44 51, 1199. 022 25 83401. 3 a 2Dyg— 2 GS: 
833. 149 80 | 120026. 5 a 2? Dow—27 su 1204. 155 30 83045. 8 a?Dy— 2 4Di: 
836. 804 15 119502. 3 a *Fo.— 4531, 1229. 364 30 81342. 9 a *Poy.— 34; 
843. 454 106 118560. 1 a? Doy— 2641, 1231. 060 20 81230. 8 a 4B yy—163: 
845. 138 | 100 118323. 9 a? Doy— 2531, 1231. 266 30 81217. 2 a 4F31,—233: 
847. 619 5 117977. 5 a 4*Fyy—455u, 1239. 961 100w | 80647. 7 a 4F 344,—22iu 
849. 546 | 5 117709. 9 a 4Foy.—4431, 1254. 996 30 79681. 5 a 4Fy 27515 
855. 495 | 80 | 116891. 4 a? Do—24 fr 1277. 442 5 78281. 4 a *Pi.— 38h 
859. 891 SO 116283. 8 a 2Doy— 2331, 1278. 514 LOO wo2id. ha) a Fi 26f15 
863. 425 80 115817. 8 a ?Diy— 39h 1280. 903 50 78069. 9 a *Foy—24iu 
883. 782 | 50 | 113150. 1 a 2Dyy— 355i, 1285. 302 50 77802. 7 a §Fyy.— 2 1F 31, 
885. 906 | 60 112878. 8 a? Doy— 2 FS, 1290. 029 30 77517. 6 a 4Pow—-29 ju, 
901. 025 80 110984. 6 a? Douw—163y 1290. 358 10 77497. 9 a *Pyy—37iv 
905. 105 30 110484. 4 a ?Dy—32ix 1290. 795 50 77471. 6 a 4Foy—23 3.4 
910. 446 80 109836. 3 a ?Dyy—3 Livy 1291. 979 60 77400. 6 a *Poy—283: 
911. 470 20 109712. 9 a ?Diyy— 306. 1306. 317 5) 76551. 1 a 4F 2 2131 
914. 175 5h | 109388. 2 a? Doy— 2 Fir, 1306. 409 5 76545. 7 a 4Fyy—24iy 
915. 338 | 8 109249. 3 a ?Diyy— 29h 1307. 988 20 76453. 3 a 2B y— 3931 
924. 037 80 108220. 8 a? Doy—143xy 1308. 776 10 76407. 3 a 4Pou—35in 
931. 675 10 107333. 6 a? Dy— 275, 1309. 440 10 76368. 5 a 2Gai 1351, 
941. 050 20 106264. 3 a 2 Doy—12%% 1314. 825 100 76055. 7 a *Fy 2 *F 3, 
944, 581 50 105867. 0 a ?Dyy— 26 jx 1322. 728 30 75601. 3 a §Poy,— 27s, 
945. 099 200 105809. 0 a? Doy— 2 AF 3x4 1326. 105 12 75408. 8 a Foy — 377i 
959. 720 15 104197. 0 a ?Dy— 24 fu 1336. 700 200 74811. 1 a 4F yy 2 IF Gu 
973. 893 10 102680. 7 a ?*Dy—21 34 1341. 660 180 74534. 5 a *Gyy—A41 ig 
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TABLE 1. Identified lines of Au 111—Continued 


et — ————_—_—__— — = ———————————— a ~——-— = —_—_$__—— —____—__— —_ - —————_————— 
1e i 
rd Intensity) _ 1 ae Intensity; _ 
A(vac.) and Wave No. Combination A(vae.) and | Wave No. Combination 
character| character| 
nN | 
\p 
f A emo! A cm-1 
2) 1346. 129 12 74287. 1 @ 2F3y,— 2731, 1502. 441 200 | 66558. 3 a@ *Po—163y, 
1348. 873 100 | = 74136. 0 | a 4Po.—26ix 1503. 716 200 | 66501. 9 | a *Foy— 26 hx 
le 1349. 200 30 74118. 0 | b 2D — 38% 1517. 049 | 10 | 65917. 4 @ 4Fys—l2ix 
1350. 302 150 74057. 5 a *Poy— 24S, 1528. 941 | 10 | §=65404. 7 | @ *Pi—213y 
Vv 1353. 200 50 73898. 9 a 4Po2~—25%, 1540. 258 80 | 64924. 2 | a *G3y4—33hu? 
- 1355. 598 150 | 73768. 2 a 2Ga,—4 1 tye 1541.978 | 100 | 64851.8 | a *Po—32%x, 
1356. 109 150 73740. 4 a *Pox—32ix 1542. 212 80 64841. 9 | a ?Pi4—393x% 
1362. 038 80 73419. 4 a *Fyy.—19bx4 1548. 473 | 100 | 64579. 7 | a 2Pin—38ix 
| 1365. 372 500 73240. 1 @ 4*Fax— z *Gh 1554. 580 80 | 64326. 0 a *Pon—19b% 
fe 1365. 949 10 73209. 2 a *Py—32ix 1556. 793 20 64234. 6 | @ *Fo4—23ir4 
r | 
"4 1366. 874 20 —— 6 a saa 105s 1560. 550 30 64080. 0 | a an eee 
367. 1 19 200 731 4. 9 a sa 2 a 29900 > > san | a 2 t Y 3 
, 1377. 708 LSO 72584. 3 a 2B yi 2531 1562. 328 80 64007. 0 i b 2D, —38h, 
1 1378. 048 10 72566. 4 a 4Fyy.— 2 4Ghu, 1562. 429 80 64002. 9 | a *Fys— 9b 
3 1378. 166 20 72560. 2 a *Pin,—313y 1563. 826 20 63945. 7 | a *G3u—3 134 
378. 655 150 72534. 5 a *Fy— 2 4F Ee pad , seciiahal a *Pin—19ixz 
ky 999 50) 72504. 6 re ‘Phy. Wire 1567. 512 | 200 63795. 4 i . (Pye —145;¢ 
1379. 951 150 72466. 3 a *Po,—24 jr 1571. 901 | 80 63617. 2 a 2Pox—29% 
L380. 498 125 72437. 6 a Pi 30b16 1574. 855 | 200 63497. 9 a {Foy— z* 13% 
1381. 338 200 72393. 6 a ?G3u,—40314 1579. 413 | 200 63314. 7 | @ 2Foy.—21 314 
1385. 763 300 72162. 4 a 4Foy.—1631 1580. 277 20 63280. 0 a 2Foy.—203x% 
1389. 388 100 71974. 1 a 4Pi.—29ix 1581. 226 20 63242. 0 a *G3y4— 28314 
1391. 441 180 71867. 9 a 4Poy—2331. 1584. 074 150 | 63128. 4 a *Poy.—133y% 
1395. 971 180 71634. 7 b 2 Diy—34 iy 1589. 559 200 62910. 5 a *Pi— 2 FS 
1402. 878 100 71282. 0 a *Pi—48515 1589. 680 80 62905. 7 a 4Fyy— z * Din, 
1406. 079 20 71119. 7 a *Foy.—32ix, | 1593. 394 | 150 | 62759. 1 | b *?Dyy—24 ix 
1409. 472 225 70948. 5 a *Poay,—213x | 1600.496 | 200 | 62480. 6 | a 2F3y,—1 451, 
1413. 779 250 70732. 4 a *F3y.— z 4k 3, 1608. 348 | 40 | 62175.6 | a ?Pig—35bx 
1414. 247 100 70709. 0 b 2 Doy—48 514 1610. 390 60 | 62096. 7 a 2?Pi.—34ix 
1417. 111 100 70566. 1 a *Foy— 21h 1617. 137 250 | 61837. 7 a *Po—12iu 
1417. 368 125 70553. 3 a 2F3y4,—23$1, 1617. 761 100 61813. 8 | @ 2F314,.—1331 
1419. 023 60 70471. 0 @ 2Fyy.—3 Lig 1621. 913 500 61655. 6 a *Fya— 2 *Ghx 
1427. 393 150 70057. 8 a 4Py—273 1625. 384 10 | 61523. 9 b 2Doy—34 ix, 
28. 907 300 69983. 6 a 2F3u4,-—2251, . : ‘ eer 4Poy.— z 4S 
7 | =e | wes all 1629. 116 | 300d | 61383. 0 i ‘ re a 
1433. 344 275 69766. 9 | a *Fo.—2831, 1632. 891 60 | 61241. 1 b 2Diyy— 213, 
1435. 784 250 69648. 3 a ?Gy— 36344? 1638. 876 250 | 61017. 6 | a *F34,— 2 4G 
1436. O88 80 69633. 6 a *F31,—2 131 1644. 189 100 60820. 3 a *Foy— 2 4F Su 
1436. 802 30 69599. 0 a 2F34,-—203u 1652. 733 250 | 60505. 8 a *Gyg—253u, 
1439. 100 300 69487. 9 a 4*F3.— z24F hy 1664. 778 250 | 60068. 1 a ?F3y,— 24*FR 
1441. 173 200 | 69387. 9 a 2Py.—423 1668. 098 100 59948. 5 a *Pox— 2 Fig 
1446. 334 150 69140. 3 a 2Poy.—37ix 1673. 919 125 | 59740. 0 | a *G34—25}; 
1446. 701 80 69122. 8 a *Po—26ixn 1676. 957 10 | 59631. 8 | b 2Dis—1 984 
1448. 393 250 69042. 0 a 4Fyc— 2 4F ix 1693. 917 1000 | 590348 | a *Fy— 2 4D3, 
1453. 173 50 68814. 9 b 2 Doy—425, 1697. O81 150 58924. 7 | a 2Foy.—1 63x 
1454. 927 250 68732. 0 a *Foy—1331, 1698. 970 200 58859. 2 a *Pyy.—3 13, 
1462. 048 10 68397. 2 b ? Diy —3 Lg 1699. 990 200 58823. 9 a °?Fa,— 24F iy 
1464. 692 100 68273. 7 b 2D — 30x 1702. 235 200 58746. 3 b 2Diyw— 2 Fx 
1471. 281 150 67968. 0 a 2FPoy.—2731, 1707. 508 100 58564. 9 a *Po—24 ig 
1473. 279 80 67875. 8 a *Fyy—1451, 1710. 125 250 | 58475. 2 | a *Gy— 23316 
1474. 707 100 67810. 0 b 2Diy— 29 ix, 1715. 670 200 | 58286. 3 | b 2Dow—3 131, 
1481. 066 50 67518. 9 a *Po.— 3581 1716. 697 100 58251. 4 | a *Piy—1431 
1482. 510 30 67453. 2 a *Pox—24ix 1717. 820 300 58213. 3 a 4*Fi— 2z4Dix 
1482. 775 30 67441. 1 a 4Fo—12% 1726. 952 5 | 57905. 5 a *Gyu—22ix 
1487. 133 300 67243. 5 a *F3un— z *G3x, 1727. 281 500 | 57894. 5 a *Pox— 2 *Ghy 
1487. 906 250 67208. 5 a 4Fy—133% 1733. 140 100d | 57698. 9 b 2 Doy—29 ix, 
1489. 446 200 67139. 0 a 2Fsy.— 2 4B Sy, 1736. 590 60 57584. 1 a *Py.—133x% 
1492, 829 | | ) 66986. 9 a *Foy— 2 Fay 1738. 484 300 57521. 4 a 2*Gyy— 20314 
1494. 266 20 66922. 5 a *Piy—24ixy 1744. 346 150 57328. 1 a ?Foc— 21 F i 
1500. 33 250 | 66651. 8 a *F3y— z*D3y 1745. 098 | 10 | 57303. 4 a *Po— z 4 Dig 


562312—60 4 483 





TaBLE 1. Identified lines of Au 111-—Continued 

















Intensity} | Intensity| 
d(vac.) and Wave No. | Combination | d(vae.) | and | Wave No. Combination 
character} character] | 
A cm-} A cma! 
1746. 037 500 57272. 5 | a *Fo.— z 4G3y 1989. 631 100 50260. 6 a ®?Foy,— z*G3y 
1750. 095 30 57139. 9 | a ?G3u,—22ju 1996. 853 150 | 50078. 8 | a ?Pi4—18ix, 
1756. 917 500 56917. 9 | a *Fy— z ‘Dix 2041. 435 60 48969. 4 | a *G3y—133y 
1759. 800 20 | 56824. 6 | a *Pou—12ix 2055. 459 60 | 48635. 4 | b 2Dow— 2 FS, 
1760. 881 60 56789. 7 a ?G3yu—2 13x 2083. 092 300 | 47990. 3 | a *Gac— 2 4Fh 
1761. 947 500 56755. 4 | a ?G3u.—2031, 2085. 452 80 | 47936. 0 | a *Po—12i, 
1767. 415 300 | 56579.8 | @ 2Fsy— 2 *G3u 2100. 392 20 47595. 0 | b2*Diy— 2 4D3y 
1774. 419 100 | 56356. 5 | a ?Pyy— 273 2116. 879 2 47224. 4 a *Gay— 2 tF 3. 
1775. 166 800 | 56332. 8 | a *F3u.— z 4Gix 2159. O85 100 46301. 2 a 4Po.— z4Dixg 
1776. 396 200 56293. 8 a *Pyy.—12ix 2167. 332 80 46125. 2 | a *Pi.— 2'Gix 
1780. 571 100 | 56161.8 | a ?Fo,—143y 2172. 200 200 | 46021.8 a *Pow— Moy 
1786. 106 300 | 55987. 7 a 2F3,— z *D3u, 2184. 108 100 | 45770.9 a *Py.— 24Dix 
1792.653 | 150 | 55783. 2 | b 2Doyw—273z 2186. 673 50 45717. 3 a ?Pyw— 24FA 
1793. 762 500 | 55748. 8 | a *Fy— 2 *Gsy 2188. 966 500 15669. 4 a 2Fy— z4Giy 
1801. 982 200 55494. 4 | @ ?Foy.—1331, 2253. 448 10 14362. 7 a *Po,— z4D3, 
1805. 235 | 400 55394. 4 | a *Fy.— 24 Dis, 2270. 217 10 44035. 2 a ?Foy,— z4Giy 
1809. 811 | 100 | 55254. 4 | b 2 Dye — 2 *F iy 2278. 045 5 43883. 7 @ 2*Py—133, 
1821.169 | 400 54909. 8 | a *Po— 9bx 2288. 626 10 43680. 8 a *Fyy— z4Di 
1821.801 | 20 54890. 7 | a 2Piy— 261, 2308. 200 10 43310. 5 b 2Doy—133y 
1841.019 | 20 | 54317.7 | b 2 Doy— 26%, 2322. 267 300 43048. | a °F y— 2 4*Di, 
| | 
1844. 889 | 400 54203. 8 | a °F y—1 2%, 2347. 105 20 42592. 6 | @ *Py—12%. 
1848. 833 | 150 54088. 2 | b 2Dys—1435, 2379. 106 10 | 42019.8 b2Doy—12i1, 
1849. O88 | 50 54080. 7 | b 2Dow—2531, 2382. 403 100 | 41961. 6 | b ?*Dy.— 2 *Gsy 
1860. 484 | 40 53749. 5 a 2Fa— z Fg 2402. 706 150 41607. 1 b *Diy— z4Di, 
1861. 799 | 500 53711. 5 | a *Fy.— z ‘Dix 2405. 118 150 11565. 3 b?Doy— 2 Fax 
| } 
1871. 922 | 150 53421. 0 | b 2 Dix—1331, 2625. 522 10d 38076. 3 b*Dow— 2 4G3u 
1880. 911 30 53165. 7 a *Gas—1 6314 2665. 159 10 37510. 1 | a *G3u— z 4G 
1899. 405 | 60 52648. 1 | b 2 Doyw—24 ig 2666. 994 10 37484. 3 | b*Dox— z4D3y 
1918.278 | 150 52130. 1 | b 2Diy—127u 2721. 835 50 36729. 0 | a °F yy— z4D3, 
1932. 038 100 51758. 8 a *Py— 2 Dix 3117. 339 10 32069. 3 | a ?Pyw— 24D 
1934. 114 | 60 51703. 3 | a ?Piy,—213, 3138. 730 10 31850. 8 b 2D» 2 4G3 
1935. 416 | 100 51668. 2 a *Poy— z 4*Girg 3174. 057 20 31496. 3 b2Da z Di 
1948. 792 | 200 51313. 8 | a *Px.— z4*Di 3227. 991 100 30970. 0 a *Gu.— 2 ‘Ds 
1958. 472 | 100 51060. 2 a 2?Po.— 2 4F ix 3309. 856 100 30204. 1 a ?Ga z*D3 
1985. 951 20d | 50353. 7 a ?F3y.— 2 4Gire 
NOTE.—h=hazy; w=wide; ( )=masked by another line; d=double. 
TABLE 2. Even levels of Au mt 
= ee : == 
| Possible | | Possible 
Electron structure | desig- | J | Level | Interval |} Electron structure | desig- J Level Interval 
| nation nation 
WR hE) eae a coed aig as 
5d® a?D 21% | 0.0 | _ 12694. 0 5d53P)) 6s | a‘P 0% | 49438. 9 
5d® a*D | 13% | 12694. 0 | — 5d3(38P;) 6s a4P 144 | 49969. 4 
| 5d8(3F5) 6s a2F 2% | 52059. 6 
5d’ BF.) 68 a‘F | 414 | 29753. 6 5323. | 5d8(1D.)6s b2D 114 | 54133. 2 
5d3(3F 4) 6s a‘F 314 | 35076. 7 a74k 5 5d8(1G4) 6s a2G 414 | 57818. 6 
5d8(3F3) 6s a ‘F 214 | 38822. 2 1523 4 5d3(3P) 6s a?P | 0% | 58327. 1 
5d8(3F 5) 6s a ‘4F 14 40345. 6 —s 5d8(1G,4)6s a2G 314 | 58584. 6 
| 5d8(3P,)6s a2P 114 | 63670. 9 
5d8(3P.)6s a‘4P 214 | 44425. 9 5d8(1D.) 6s b2D 21% | 64244. 0 
5d8(3F3) 6s a?F 31% | 45740. 5 
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TABLE 3. Odd levels of Au ut 





-ossible | 4, | . | Possi é | 
Electron structure oe | Num- J Level | Electron structure | Bes nongs Num- ek Level 
nation | ber | nation ber | 
5A AF) 6p z4D° i 3% 88788. 5 5d8(3P) 6p 4§° 24° | 1% | 116892. 1 
5B CF) 6p 24G° 2” 114 91409. 4 5adD)6p aFo | 25° | 3% | 118324. 6 
5d8?F) 6p 2 4D° 3° 1% 95740. O 5d8(3F) 6p 2D° | 26° | 144 | 118561.7 
sant: Tea z = 213 96004. : path > a | 24 pened s 
5d’ (PF) 6p Zz 5 | 98559. 5d8(AF)6p 2G 2 3% 21826. 4 
5d5(3 F) 6p Z = 6° 2% | 101728.2 || 5d§(1D) 6p apo” | ae | 144 | 121943. 5 
5d5(3F) 6p z4G ( 3% | 102320. 2 5d’ 2P)6p 4p° | 30° | 0% | 122407.0 
5d*(*F) 6p Zz ‘G’ 8° ee | 102993. 7 5d8(1D) 6p 27° 31° | 24% | 122530. 3 
5d3(3P) 6p 4] 9 014 | 104348. 3 5d3(3P) 6p 4° | 32° 1144 | 123179. 0 
583 F) 6p Ds ea 10° 444 | 104564. 6 5d8('1G)6p sr | Sa | 44 | 123508. 8? 
5 8(3h\e z 40 ° c WA 5: >/ le 5 8/1 . 2 ° | € ° 1A D5? ary S 
art Ae F. 11” 4) | 105809. 1 1 5d*("D) 6p *D 34° 4 1 9767. 9 
5A CP) 6p I 12 1144 | 106263. 1 5d5(3P) 6p 2} 35° | 0% | 125846. 2 
5d8(°P) 6p = 13° 21% | 107554. 2 5d*('G) 6p | ae. 36° | 514 | 127467. 0? 
ae )6p ae 14° 214 108221. 2 5d®(3P)6p 2D° | 37° | 16} e746 
5d8(3F) 6p 2 4F* 15 1144 | 109387. 6 5d8(3P) 6p 2p° 38° | 14% | 128250. 9 
5d8(3P) 6p yg 16° 314 | 110984. 1 5d8(1G) 6p 27° 39° | 2% | 128512. 7 
3033 F) 6p 2 *F° c 214 | 112879. 6 5d8(1G) 6p 2G° 40° | 3% | 130978. 2 
5d°(3P) 6p 5. 18° 07 4 | 113749. 9 5d3(1G) 6p 7 ae 41° | 414 132353. O 
5d (1D) 6p = | 19 0% 113764. 9 5d8 BP) 6p 2D° | 42 214 | 133058. 9 
5d8(1G) 6p 2F° | 620° 3% | 115339. 9 5d8D) 6p 2D° | 43° 214 | 134953. 0 
5d (3F) 6p / eae (ieee 2 | 115874. 2 5d’ 6s 6p | 44° | 3% | 156532. 0 
5d3(3F) 6p 7° | 22° 46 | 115724. 2 5d? 6s 6p | 45° | 2% | 158323. 1 
5d8(3F) 6p sro | 623° 3% | 116293. 8 | 
| 


a 
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Tolerances For Layer Thicknesses in Dielectric Multilayer 
Coatings and Interference Filters 


Klaus D. Mielenz* 


(July 26, 1960) 


A theory is developed for dielectric multilayer coatings in which the layers depart from 
calculated thickness. The theory is applied to alternating systems of quarter wave layers 
of ZnS and MgF). The effects of thickness errors are: (1) A shift of the wavelength at which 
maximum reflectance occurs; and (2) a change in phase shift upon reflection. The magni- 
tude of these effects, and also their dependence on various parameters, are determined. 
Statistical tolerances for layer thicknesses are computed for given tolerances on the multi- 
layer performance. The accuracy required for producing dielectric interference filters is 
up to about 40 times higher than the accuracy sufficient for the production of dielectric 
mirrors and beam splitters. Various techniques of experimentally controlling film thick- 
nesses, and their accuracies, are discussed. The production of mirrors and beam splitters 
deviating from theoretical maximum reflectance by only 1 percent seems to be possible with 
Dufour’s simple single photocell method of monitoring film thicknesses. With more precise 
methods, such as those developed by Giacomo and Jacquinot, or Traub, the production of 
interference filters appears to be possible to within plus or minus one half their half widths. 


1. Introduction 


In the production of dielectric multilayer coatings, 
such as mirrors, beam splitters, or interference filters, 
it is important to control the thickness of the layers 
with an accuracy sufficient to attain experimentally 
the high performance of which these coatings are 
capable. 


Here, 


B.=(Qe)nd,, vel2,. ss IF (4) 
(n,=refractive index, d,=geometrical thickness, 
A=vacuum wavelength) represents the optical thick- 
ness of the vth layer. 

The amplitudes transmitted and reflected by the 


Heavens [1] ' has calculated, in some few examples, 


| multilayer are 
the effect of errors in layer thicknesses on the energy 


reflected from _high-reflecting multilayer coatings, T=(2nn,)/Ct=+7 e', (5) 
and Giacomo [2] has done similar work on the effect 
of these errors on the phase change upon reflection oo a — 

| ] R=C[¢ =p ” all (6) 


from such coatings. Neither author, however, has 
derived the tolerances on individual layer thicknesses 
that may be allowed if the coating is to meet a given 
performance within certain explicitly specified limits. 

Such tolerances are computed in this paper, and 
various techniques of monitoring laver thicknesses 


where 7 and p denote energy transmittance and re- 
flectance, and with 


C+=nEH+H (7) 


are compared from the point of view of these tol- , , ee 
idan (no=index of medium of incidence). Hence 
2. Basic Formulas Anns 
oo (8) 
2.1. General Case RO" )’+ 
The electromagnetic field at the plane of incidence | and, for truly dielectric layers, 
on a stack of N dielectric layers is, according to 
Koehler [3], p=1—r. (9) 
E , 
‘Vi oy -( ) (1) | Furthermore, 
(77) sip V\n, 
, =d+a, tand=—ICt/RCt, tana=IC/RC. 
(n,=substrate index), with ve a i [R 
(10) 
%,=cos B, U+72 sin B, YM, (2) ; : 
Here, R and I denote real and imaginary part, re- 
mi ae n= 0 1/ny ™ spectively. 
U -( “ie > =( ny 0 ): (9) Of the two phase angles 6 and ®, only ®, the phase 


change upon reflection, is of practical significance in 
most cases, as, for instance, for the energy transmit- 
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ted by a Fabry-Perot interferometer (see eq (60)). 


| 


Throughout this paper, therefore, @ is an auxiliary | 
quantity only that is needed for the cemputation | 


of ®. 
2.2. Alternating Multilayers 


Consider an odd number, N=2m-+1, of lavers of 


nominally equal optical thickness, alternately of high | 


index my and low index nz, with a high index on 
the outside. If all layers are a quarter wave thick 
at a wavelength Ay, 


é,.=8,= = B= (r/2)(X/A), (11) | 
eq (2) may be written as 
f:4 oe l , 
= Y »\9 ee * | »\O-1 i 9 
G7) [Sin( 2) %Ay— S_—1 (2) Uz it) (12) 
with 
Bu cosp u- i sing Na, (13) 
%-'—=cosB U—7 sinB N,. (14) 


4 


S, and S,, 
argument 


, are Chebychev polynomials of the 


: (Nyt Nz)” 


2=2 sin’B, (15) 
Nylhy 
defined by 
S,-1(4)= sinmy/siny, xr=2 cos y, (16) 
etc., see [4]. From eqs (12) to (14), and (7), 
C*+= A* cos B+ 71A* sin 8B, (17) 
with 
A*=K* (S,.—S,-1), K*=mtn, (18) 


B* - Sin T (2 7 ne 


(= =NoNs/Nz + Nz. J 
Hence, eqs (8), (9), (10), and (17) yield 


ANNs 


t=|—e=(aF cosByt+(Btsnpy? 2) 
tan 6 (Bt /A*) tan B, 
tan a= (B-/A7)tan £, (21) 
b—0-+-a. 


3. Multilayers With Layer Thickness Errors | 


3.1. General Case 
If, in the multilayer, the optical thicknesses n,d, 
of the films differ from their calculated values by 
slight amounts A,=A(n,d,), the (8,)’s of section 2.1 | 


l» p= Nol s/liy T Na, | 
(19) 


must be replaced by 


B,=B,+AB,, with AB,= (27r/A)A,. (22) 
Let Ag, be sufficiently small, so that 
cos B,=cos B,—AgB, sin B,, (23) 
sin B}=sin B,+ AB, cos B,. (24) 
Then, the matrices Y, will ke changed to 
i Y,+ AB,S,, (25) 
with 9%, from eq (3), and 
$,=—sin B, U+7 cos B, Np. (26) 
Therefore, eq (2) is transformed into 
E’ oo ’ & ‘E N ws 
= 5... 9 = , (27 
(pp Jame UC Gra (a) a 
: ai 
with bas? from eq. (2), and 
AE, l 
AB,D.(_ )s 
CH ) B * (28) 
ye ee ek ee 


In this first-order approximation, accordingly, each 
AB, causes separate additive terms in F and H, 
so that 
+ A’ 


(C+)’=n I’ 


N 
(n b+ H)+>) (mAE, + AH,) (29) 
v=l1 _ 


‘ 


N 
C++ >> ACt. 


y=1 





J 
Thus, the individual errors 4g, may be considered 
separately. 

3.2. Alternating Multilayers 


a. Incorrect High-Index Layer 


Consider an error in thickness in one of the 
high-index layers, »=2k+1. Then, eq (28) yields 
Dox = (My Ar)" Ba (ArMw)” *. (30) 
According to [4], 
(My %A,)"=S,-1AwAL— S,-2U, 
and therefore, 
2 2k+1 S; 1m k WBA Mn ) 
-S-oSm—n—- 1 Ban 
> (31) 
ai Sh 1m k ML Bu 
+ Sk—2Sim—x-2Bu- j 
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From (13), (14), (15), and (26), the following 
identities can be derived: 


WA BVuz a= —[(2?—2+1)U+ (x—1) 


(Ny Itz t MMi) | sin B+- U[ (x—1)?Ny+ (a— 2) Nz] cos B, 


Batra — (2+ Ny) sin B+7(a—1) Ny cos B, 
WA Be=—(LU+N Ny) sin B+ i(x—1) Ny cos B, 
with 
N/M 0 
NWt= ? (32) 
0 Ny /Nz 
Ny /Nz, 0 
MN Ny= . (33) 
0 nz,/nyz 


These together with the following recurrence re- 
lation between Chebychev polynomials: 


Sr _ tS, -1-— Sy —2) 
provide 
Dor 1 = —[(SeSn—e—[2—1] Sz_-1Smn—-e-) UU) 


L Sn —e—1 Se— Se_- 1) Ney Nt 








+ Sp_—1(Sm—x— Sim—e-1) NN] sin B r (34) 
+ af (Sz—Se-1) (Sim—z— Sim—t—-1) Vz 
L (2—2) Sp_1Sin—x-19tz] cos B. J 
Thus, it follows from (28), (29), and (34), 
ACH. 41=ABor+1(A# +41 Sin B+7BH.41 cos B), (35) 
with 
Az 41= —K*[SSn-e— (2-1) Se-1Sin-e-1] 
— L* S—x—1 Se— Sx-1) (36) 
—M*S,_ 1(Sm—-t— : 1) ; 
Bd, 41= P*(Se—St_1)(Sn-e— Sine -1) 
(37) 
| QO* (r—2) Se_-ySm—x-1) 
K*, P*, and Q*, from eqs (18) and (19), and 
L*=ngnz/Ng +E NNy/Nz, 
(38) 


M*=nyng/nz + Nsnz/Nx. 


b. Incorrect Low-Index Layer 
Next, consider a thickness error in one of the 
low-index layers, v=2k, so that 


Dog= (My Ar)* Me Br (Aa Mr)” “An. (39) 





Because of [4] 
(AvAr)"Av= S,Ax—S,1Az', 
this is equal to 
Dox= Se_-1Sn-2 A Br A — Se_-2Sm-AFBr Wy 
— Se-1 Sin—x-1 Ae Br Uz" 


ose Sp-2Sm—z—-10 SzAz*. 


(40) 


From (13), (14), (15), and (26), it can be shown 
that 


Ae BAe = —[(@—-1)U 4+ Ny Ne + NNzy] sing 
+4[(t—2) Nu+ Nz] cosp, 
AF 'B.Aw=— NeRy sinB+iNz cosB, 
Ae Br Az’: 


-—NyNz, sinB+iNRz, cosB, 


17'S Az '=sinB U+7N;, cosZ, 


| so that 


D.=—[([2—1] Sp-1Sn—-2— St-2Sm—2- t 
+ Sp-1(Sin-2— Sim—x-1) Na Nz 
+ Sin—n(Sp-1— Sp-2) NN] sing 
+4[(a—2) S,-1S__-.Ny 


+ (S-1— Se-2) (Sm-z— Sim—x-1) Nz] cosB. J 


> (41) 





Eventually, (28), (29), and (41) provide the result 


ACE=AB, (A¥ sin B+7BE¥ cos B), (42) 
with 
Af¢=— K*[(a—1) Sp_-1Sin-x— Se-2Sin—z-1] 
— L* Sz-1 (Sn—x— Sm—z-1) (43) 
—M*S,-~(Se-1— Sk-2), 
BE=P* (x—2) Se-1 Sinz 
(44) 


+ Q* (Se-1— Sk-2) (Sm-2—Sn-x-1); 
and coefficients A*, L*, etc., already known. 
c. Validity of Approximation 


Introducing into (29) and (6) the AC’s of eqs (35) 
and (42), one may calculate the desired amplitudes, 
aap em, 


(45) 


reflected from multilayers in which one, or several, 
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film thicknesses differ from their calculated values 
8 by given amounts Af. The mathematics developed 
is based upon the assumption of small Af’s, made by 
eqs (23) and (24). In order to establish the validity 
of this approximation, the p’ and &’-values of three 
different zine sulphide-magnesium fluoride multi- 
layers with in each case one film deviating by Ag- 
10 percent were calculated both from the formulas 
derived here and also by exact computation. <A 
comparison of results is given in figures la, b, and 
c. Agreement of exact and approximate p’-values, 
while poor for the single film (where an approxima- 
tion is hardly needed), is good for higher numbers 
of layers (within 0.005 for the 5-layer, 0.001 for the 
9-layer). The ’-values are in almost perfect agree- 
ment (within 0.1°) in all including the 
monolayer. 


cases, 


4. Effects of Errors in Layer Thicknesses 


Besides showing p’ and ®’ for various nonideal 
coatings, figures la, b, and ¢ also show p and @ for 
the respective ideal coatings, thus making apparent 
the results of thickness errors: 

Contrary to what might be expected, such errors 
do not result in a noticeable decrease in reflectance 
at the central wavelength Xo, see [1]. This is illus- 
trated once more by table 1; in the examples chosen, 
a 10 percent error causes a decrease ranging from 
only 0.004 for a single film to 0.001 for a 9-layer.? 


TABLE 1. Effect of 10 percent thickness errors A on reflectance, 
at central wavelength Xo, of alternating quarter wave layers of 
ZnS and MgF;, between air and a glass substrate (no=1, ny 
2.3, np=1.38, n,=1.52); ZnS bottom layer 


Reflectance at d 
Type of Coating 


A=0 A=)0/40 
Single ZnS film 0. 306 0. 202 
Five-layer, error in top layer 861 850 
Nine-layer, error in central layer . 981 980 





The noticeable results of incorrect laver thick- 
nesses are a parallel shift of the p and -curves. 

Maximum reflectance pj occurs at B=90°-+-68,, or 
at a wavelength A=)+4A,, instead of at B=90°, or 
A=. All other p’s are shifted correspondingly. 
To find 66,, plot p’ 1 function of 8, and read 
the displacement 68, of the maximum. Then, eq 


(11) provides 
4 (46) 
a 


as ? 


90 ° + 66,= 90 °ry (Ao } bX,), 


or 6Ay= — Ap dB, /(90 °+-68,). 


nominal 
are con- 


The phase angles %’ differ from their 
values @ by amounts 6%, that practically 
stants over a wide wavelength ran 


ge, 


6’—-+-64,. (47) 


2 Table 1 was obtained by exact computation. Because of the smallness of the 
effect, the approximation is not accurate enough here. 
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FicgurE |. Effects of errors in layer thickness on reflectance 
p and phase shift upon reflection ® of allernating quarter 
wave layers of ZnS and Mg» between air and a glass sub- 
strate (no=1, np=1.38, n.=1.52), ZnS bottom 
layer. 


) 
Zn, 


Ny 


(a) Single filrn of ZnS, off by 10 percent, 

(b) five-layer with top layer (v=1) off by 10 percent, and 

(ec) nine-layer with central layer (v=5) off by 10 percent. 
Solid lines: exact values. Dots: approximate values. Wavelength scale for 
do=5000 A. For comparison broken lines show p and ® for the respective correct 
multilayers. Effects of errors are wavelength shift 68, or 6A, of maximum re- 
flectance, and change 6® in phase shift upon reflection. 


Since the nominal values are P=180° for B=90°, 
6@, is found by computing ©’ at B=90°, only, and 
| taking the difference to 180°. This is readily done 
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because of the simplified expressions of C* and AC* 
at that particular ~. 
Note that, for the multilayers with thickness errors 


the values of 8 at which maximum reflectance occurs | 


are distinct from those at which the phase change 
upon reflection is 180°. The five layer of figure 1b, 
for instance, exhibits maximum reflectance at 6 
88.5°, and 180° phase change at B=86.0°, the two 
being as much as 2.5° or, for A=5000 A, 135 A 
apart. Therefore, 6=180° is no criterion for maxi- 
mum reflectance. 

Figures 2 a and b show how, in two typical ex- 
amples, 68, and 66, depend upon the magnitude of 
the thickness error A (n,d,). The relationship is ¢ 
straight proportionality 


é,==¢,A,, (48) 
where 6, stands for either 58, or 6®,, a, for coefficients 
a,(B) and a,(®), and A, for A (n,d,). 


As, in general, the thickness of more than one 
layer will be in error, it is important to know the 


e+ 





(b) 


8o° 


Fiaure 2. Dependence of (a) 68 and (b) 6® upon 6A. 


N=5, v=1: 5-layer with wrong top layer; N=9, v=5: 9-layer with wrong central 
layer. ZnS-MgF>-films. 


total errors 68 and 6@ produced by simultaneously 
occurring A,’s. 

For three examples chosen at random, both the 
individual 6,’s as well as the total 6’s were computed, 
using eq (29) for the latter. These computations, 
of which the result is given in table 2, provide with 
good accuracy 


N 
gan5 4d, (49) 
v=l1 
or, with (48), 
N 
5=>) 4,A,, (50) 
v=1 


5 standing for either 68 or 6@. For 6=64, (48) is in 


accordance with Giacomo [2]. 
TABLE 2. Individual and total errors 


A,=thickness error of vth layer in percent of do/4; 68», é6»=results of A, if occur 
ring alone; 68, 66=results of all A,»’s occurring simultaneously. ZnS-MgF>-films. 
Type of Coating Dé6s, 68 Lido bp 


Five-layer, Ai=10%, As 


As=—5%, As 10%... 0.7 —0.6 —8.8 ° —§.7 
Seven-layer, A1=A7=5% 

As=10%.-- Ke —2.0 —5.6 9 —5.6° 
Nine-layer, all Av’s=10% 8.0 —§8.2 —19,.2 9 —19. 6 


For a number of stacks of alternating zine sulphide 
and magnesium fluoride layers between air and a 
glass substrate with, in each case, an error of +10 
percent in one of the layers, 68, and 6®,, as well as 
a,(B) and a,(®), were computed. In figures 3 a and 
b, the a,’s are plotted versus the number, N=2m-+1, 
of films in the stack. For either a,, the three curves 
show the effect of thickness errors occurring in the 
top, central, or bottom layer (v=1, m+1, or N, 
respectively). With the exception of a;(#), all a,’s 
tend to decrease as NV increases. 

According to figures 3a, b, and furthermore to 
figure 4, the a,’s also show a pronounced dependence 
upon v;1.e., upon where in the stack of layers the 
incorrect one is located: 

The wavelength shift of the reflection maximum, 
or a,(8), is greatest if caused by the central layer, 
smallest for the bottom layer, and intermediate for 
the top layer. This result is not in agreement with 
Heavens’ statement [1] that the effect is greatest for 
the top layer, apparently because Heavens did not 
include in his treatment others than top or bottom 
layers. 

The dependence of a,(®) upon vy is different. 
Here, the effect increases steadily from the bottom 
towards the top laver, which is in agreement with 
Giacomo’s result [2]. 


5. Statistical Tolerances 
5.1. Propagation of Errors 
The observed general trend of 68, and 6, to de- 


crease with increasing N does not imply that moni- 
toring film thicknesses becomes easier as the number 
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ZnS-MegF,-multilayers. 


a,(8) and a,(®) as functions of N 
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FIGURE 4. 


ZnS-MgF,-5-layer. 


and vy for 


Dependence of a,(8) and a,(®) upon v for a 


of films increases. It must also be taken into ac- 
count that at high N’s the production of the multi- 
layer requires control of a larger number of layers, 
so that there is an increased number of sources of 
error. 

Let +s(A,) be the random thickness error (stand- 
ard deviation) of the vth film, determined by sam- 
pling Z multilayers, 

(51) 


s?(A,) =(>5 A?,)/(Z—1) 


i 


((=1,2, ... Z), and +s(6) the standard deviation 
from the multilayer performance, 


s*(6)= (D5 63)/(Z—1), (52) 
a 


with 6 standing for either 68 or 6@. Equation (50) 
and the law of propagation of errors then provide 


N 
g*($)== > |) a? s*(A,). 


v=l1 


(53) 


film thickness is 


Assume that monitoring the 
i.e., that s(A,) is 


equally difficult for each layer; 
independent of », 


s(A,)=s(A). (54) 
Hence, 

s?(6) =.A?s?(A), 
or 

s(A)=s(8)/A, (55) 
with 

N 
Ate= > | a. (56) 


v=1 


By means of (55) it is now possible to determine 
within ,what limits +s(A) each film thickness has to 
be controlled so that, on the basis of standard devia- 
tions, the finished multilayer will stay within a 
given tolerance +s(6). 

For the accuracy required, A(8) and A(®), not 
a (8,) and a(®,), are the determining factors. A(@) 
and A(®) are plotted versus N in figure 5 showing 
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that, besides being quite different in magnitude, 
{(8) is a rapidly decreasing and A(®) a rapidly 


increasing function of N. 

These important differences between the effects 
of thickness errors upon the intensities of reflected 
waves and upon their phases lead to a separate con- 
sideration of the two cases; 1.e., the “intensity” and | 
the ‘‘phase” case. 

5.2. Intensity Case: Mirrors and Beam Splitters 

Consider a multilaver designed to render a certain 
maximum reflectance pp at a wavelength A». Let 


—f) po 


be the permissible deviation from pp, with 41. If, 
then, 2 8, is the “f—width” of the ideal multilaver; 
i.e., the width of the range of 6’s for which fpo< 
p<po; it follows immediately from figure 6 that the 
permissible wavelength shift of the reflection maxi- 
mum Is 


+Ap=(1 


6B= + AB,. (58) 


With this value substituted for s(68), eq (55) then 
provides, for the thickness Falseities, 


s(A) = + AB,/A(B). (59) 


— 2ABs ~ 





90°-AB, 90° 90% AB, 


a° 
Figure 6. f-width 2A8; of multilayers and permissible wave- 
length shift of the reflection maximum. 


Assume /=0.99, corresponding to the rather 
strict requirement that theoretical reflectance has 
to be reproduced within 1 percent. The 0.99-widths 
of zine sulphide-magnesium fluoride multilayers, 
taken from reflection curves as in figures la, b, ¢, | 
are given in figure 7. Figure 8 shows the correspond- 
ing s(A)’s computed from (59) with the A(8) values 
of ‘figure 5 5. 

The obvious conclusion from figure 8 is that, even 
if very narrow tolerances are to be met, the produc- 
tion of a multilayer mirrow or beam splitter hardly 
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FigurRE 7. 0.99-widths of ZnS-MgF.-multilayers versus 
number of layers N. Half widths of first-order interference 
filters having N alternating ZnS-MgF-.-layers on each side of 
the (air) spacer. 
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Figure 8. Thickness tolerances s(A) for mirrors or beam 
splitters to yield specified reflectance at X» within 1 percent 
(intensity case) and for interference filters to yield maximum 
transmission plus or minus one half their halfwidth (phase 
case). 


ZnS-MgF-films. 


| sible thickness error rises sharply as N increases so 
that, the mere complicated the multilayer gets, the 
‘asier it becomes to produce its individual layers. 
In the example chosen, the permissible thickness 


presents any experimental difficulties. The permis- | error varies from 0.023 \) for the single film to 0.069 
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A» for the nine-layer stack, corresponding te as much 
as about 10, or 28 percent, respectively, of the nom- 
inal thickness of 9/4. Simple monitoring systems 
should, therefore, be sufficient for obtaining exper- 
imentally the theoretical reflectances of which al- 
ternating multilayer coatings are capable. 


5.3. Phase Case: Interference Filters 


The energy transmittance of a Fabry-Perot in- 
terferometer is given by the familiar Airy formula [5], 


om 7*/(1—p)? 
= 60) 
1+-4p sin*y (l—p)* = 
with 
y=(2/d) OPD. (61) 


p and + denote energy reflectance and transmittance 
of either interferometer plate, and OPD is the optical! 
path difference between two successive beams, which 
at normal incidence is 


OPD=2n(t+-At), 


where n is the refractive index ef the spacing medium, 
t its geometrical thickness, and Af the change in 
path due to phase change upon reflection from one 
of the interferometer plates. By convention [6], 
the calculated value for the phase change represents 
an increase in optical path of 
nt =(d/2r) (u2x—®), 
Thus, 


uw being an integer. 


y= p2art 2rnt/A—®. 


Consider an all-dielectric (nonabsorbing) first- 
order interference filter. Then 
p=1—r, 
ni=A./2. 
and because of (11), 
y=p2r+ 28—®. 
Therefore, 
aa 4p ne 
T=| 1+ : , sin*(28—®) . (62) 
(l—p)* 


For the ideal interference filter, having ideal 
quarter wave multilayer coatings on either side of 
the spacer layer, one has @=180° and therefore 
maximum transmission, 7=1, at B=90° where 


28—b=0, (63) 
The half width of the pass band, 
2ABuw=2 |90"°—Buw,, (64) 


follows from 7='5, or 


sin(287w—®)=(1—p)/2yp. (65) 


Using the values of ® and p calculated previously 
in this paper (and thereby assuming the somewhat 
simplified case of an air spacer), the half widths 
shown in figure 7 were obtained for interference 
filters with N=1, 3, 5, 7, and 9 alternating zine 
sulphide-magnesium fluoride layers on each side of 
the spacer. 

Incorrect layer thicknesses will cause a_ phase 
change of +6, rather than of @ As a result, the 
center of the pass band will be shifted from B=90° 
to B=90°+V78, the maximum being again 7=1, 
One may obtain V8 from (63), or 

2 (90°+V6)=#+ 66. 
According to sec. 4, 6@ is independent of 6. In the 
neighborhood of B=90°, is a linear function of 8, 


b= —mB+p 
(see figs. la, b, ec), with 


p=(m+2) 90° 


because of ® 90°. Therefore, 


180° for B 


2 (90°+V8B) m(90°+78)+(m+2) 90°+- 64, 
or 

VB=6@/(m+2). (66) 
Allow a tolerance of one half the width of the 


pass band, 
VB=+Afaw, (67) 


which, according to (66), corresponds to a tolerance 
on the phase shift upon reflection of 


6b= + (m +-2)ABuw. (68) 


Transmittance at Xp, then, may depart from 
the desired value 7=1 by 50 percent. 

With 6@ from eq (68) substituted for s(6@), eq (55) 
then provides the thickness tolerance 

s(A)= + (m+-2)AByw/A(®). (69) 
Using the values of A(®) and A®Byyw from figures 
5 and 7, and with m’s taken from ®-versus—@6—curves 
as in figures la, b, c, the s(A)’s of figure 8 were 
obtained. 

It is obvious from figure 8 that, in the phase case, 
monitoring film thicknesses is by far more demanding 
than in the intensity case. The permissible thick- 
ness errors decrease very rapidly as N increases so 
that production of the filter becomes increasingly 
difficult with increasing filter performance. For the 
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widely used seven layer coatings on each side of 
the spacer, a tolerance of as little as s(A) = +0.0043 
d), or 1.7 percent of the nominal thickness of \9/4, 
is required in the example chosen. For 9-layer 
coatings, the tolerance is even further reduced to 
s(A)= +0.0016 Ay, or 0.65 percent of A/4. Com- 
pared hereto, the permissible s(A)’s for 7- and 9- 
layer reflectors are about 10 and 42 times greater 
in the example chosen for the intensity case; see 
figure 8. 

The production of all-dielectric interference filters, 
therefore, requires monitoring equipment much 
more efficient than that sufficient for producing 
dielectric mirrors and beam splitters. 


6. Comparison of Monitoring Techniques 


A simple and widely used method of controlling 
laver thicknesses, first described by Dufour [7], is 
measuring with a photo cell and a galvanometer 
the intensity of a fairly monochromatic light beam 
reflected from the growing dielectric film, and ceasing 
evaporation whenever a maximum or minimum 
galvanometer deflection is reached. In this author’s 
experience, an accuracy of about +6 percent of the 
desired thickness of a quarter wavelength of visible 
light can be obtained with this “single photo cell” 
technique, using as light source an incandescent lamp 
plus a gelatine filter of about 300 A half width. 
Somewhat better accuracies may be obtained by 
employing, instead of the simple gelatine filter, a 
narrow pass band interference filter or a mono- 
chromator. According to the results of sec. 5.2, 
therefore, this technique of controlling film thick- 
nesses should be fully sufficient for the production 
of multilayer mirrors and beam splitters. 

Provision has to be made, however, to fulfill eq 
(54), according te which each layer in the stack 
can be prepared with equal facility, and upen which 
the conclusions of sec. 5 were based. Towards the 
completion of a high reflection multilayer, the differ- 
ence in reflectance caused by each additional layer 
is rapidly decreasing; see table 3. Direct moni- 
toring of more than five or seven lavers is, therefore, 
impossible with the described method. To over- 
come this difficulty, one may either use the technique 
of monitoring on separate glass plates only a few 


Reflectance p of N alternating layers of ZnS and 
MgF > between air and a glass substrate. 


TABLE. 3. 
ZnS bottom layer. 


Change in p | Change in p 


N p ‘aused by Nth N p caused by 

layer | Nth layer 
| ( ( 

0 1.3 6 75.3 3 

l 40.6 6.3 7 04.8 $19.5 

y 4 8.6 22.0) & 90.3 5 

3 6h. 0 +57.4 9 G8, 1 1-8 

$ * 15.0 21.0 10 06.9 1.2 

4 85.1 +41.1 1 99.3 +2.4 
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layers at a time [7], or employ a differential photom- 

eter such as described by Linberg and Irland [8]. 

If eq (54) is not fulfilled, appropriate weight 
factors w, must be applied so that 
s(A,)=w, s(A), 

instead of (54), and with s (A) being a suitable start- 

ing value. Equation (56) would then be changed to 


N 
Aicn’> |) wee, 
v=1 


and the results that follow would have to be altered 
accordingly. In view of the vast range of possible 
weight factors, however, their consideration is 
beyond the scope of this paper. 

The accuracy of the single photo cell method is 
limited by the fact that it measures the change in 
reflectance with thickness and that, at the desired 
quarter wave thickness, this change is zero [7]. The 
method, therefore, is not likely to provide the high 
accurancies required for the production of dielectric 
interference filters. 

Giaccmo and Jacquinot [9] have developed a more 
precise monitoring technique in which, rather than 
reflectance, its differential quotient with respect to 
wavelength is observed. At a quarter wave layer 
thickness, this differential quotient goes through 
zero, its change with thickness being a maximum. 
A similar but in practice simpler method was de- 
scribed by Traub [10]. The accuracy of these 
methods is better than 1 percent of the layer thick- 
ness [10]. According to sec. 5.3, the production of 
dielectric interference filters to within plus or minus 
one-half the width of their pass bands, therefore, 
appears to be possible with Giacomo and Jacquinot’s 
or Traub’s techniques. Equation (52) may be 
satisfied by using separate monitor glasses. 





The author is indebted to Theodore R. Young for 
valuable discussions and suggestions concerning this 
paper. 
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Note on Particle Velocity in Collisions Between 


Liquid 
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Olive G. Engel 


(June 29, 1960) 


Equations are developed for plane-wave particle velocity produced in solid-against- 


liquid collisions. 
these equations is deduced. 


Collisions between liquid drops and the planar 
surfaces of solids have become important in the 
present era of high-speed flight. Except for the pres- 
sure that results when a drop of incompressible 
liquid collides with the planar surface of an unyield- 
ing solid [1], exact hydrodynamic treatments of the 
various aspects of this type of collision have not been 
developed. Plane-wave theory has been used in 
several approximate treatments [2, 3, 4]. One of the 
unknowns encountered in the use of plane-wave 
theory for solid-against-liquid collisions was the 
particle velocity in the compressed zones. 

During collision between a solid rod A having 
flat ends and moving with velocity V in the (+ 2)- 


direction of a stationary coordinate system (fig. 1) 


(+z) 




















(-z) 

FIGURE 1. Collision between a plate moving at velocity V and a 
liquid drop at rest idealized as collision between a solid rod 
A and a liquid rod B. 


—$$$____., 


' Figures in brackets indicate the literature references at the end of this paper. 








An explicit expression for the dimensionless coefficient a that appears in 


and a similar liquid rod B that is at rest, there is a 
radial flow of liquid at the impacted end of rod B. 
In order that the rods remain in contact while the 
compressional waves initiated by the collision move 
through them, the interface velocity (J) must obey 
the inequality V—v’>v where v’, v are the particle 
velocities in the compressed zones. 

We can then write a(V—v’)=v where a is a di- 
mensionless coefficient having a value less than one, 


and 
v+ av’ =aV. (1) 


Using the relation that exists between stress and 
5S 

particle velocity for plane waves, the equality of 

stresses at the surfaces of contact is given by 


2v=2'9', (2) 


where z is the acoustic impedance (product of sound 
speed and density). From eq (1) and (2), the 
particle velocities v, v’ are found to be 


v =az’ V/(2’ + a2) (3) 
v’ =azV/(z’+az), (4) 
and the plane-wave stress o is given by 


o=0'=az2' V/(2’+ a2). (5) 
The quantity that must be determined to make these 
equations useful is the coefficient a. 

One of the approximate treatments in which plhine- 
wave theory was used for solid-against-liquid col- 
lisions [3] provides a means of deducing an explicit 
expression for the coefficient a. In this treatment the 
complicated situation of collision between a moving 
target plate and a relatively stationary liquid drop 
was idealized as the simple case of the collision of 
two rods with flat ends. If a plate is fired against a 
drop (fig. 1), a core of material extending through the 
plate under the contact area is slowed down with 
respect to the remainder of the plate and a similar 
core of material through the drop is set in motion. 
The cores were regarded as true cylinders free to 
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move in the 2-directions (fig. 1) but restrained | 
laterally. The compressional waves that move | 
through the cylinders were regarded as plane waves. 

With use of this simple model, an equation was 
developed that gives pit depth 6’ as a function of 
impingement velocity V for collisions of metal target 
plates with liquid drops [3]. For impingement 
velocities for which elastic recovery of the plate is 
complete, the pit depth was taken to be the product | 
of a numerical constant, the particle velocity given 
to the cylindrical core of material under the collision 
area, and the time that the particle velocity exists. 
The particle velocity was taken to be 2V/(z+2’), 
which is the plane-wave particle velocity for solid- 
against-solid collisions. The time during which the 
particle velocity exists was taken to be 2d/e where d 
is the diameter of the drop and ¢ is the sound speed of 
the liquid of which it is composed. Therefore, 
6’= (constant) (d/e)[zV/(z+2’)]. 

The pit-depth equation that was developed was 
applied first to collisions of mercury drops and 
waterdrops with target plates of copper, 1100-O 
aluminum, 2024—O aluminum, steel, and lead. The 
constant was found empirically to be 7.2. The 
equation was then found to apply without change of 
the constant to collisions between metal target plates 
and soft ductile metal spheres that flowed during and 
as a result of the collision. 

The same equation was later applied [4] to collision 
of steel spheres against target plates of 1100-O 
aluminum, 2024—O aluminum, and copper. It was 
found empirically that if the target plate was struck 
by a rigid hardened steel sphere that did not flow 
as a result of the collision the constant was 17.5. 

The constants found for the pit-depth equation 
for the case that a target plate collides with a liquid 
drop or soft ductile metal sphere and for the case 
that it collides with a rigid hardened steel sphere 
provide a means of obtaining an explicit expression 
for the coefficient a. The two cases differ only in 
the particle velocity given to the core of material 
through the target plate. The particle velocity +’ 
for solid-against-solid collisions was used in each 
ease. The particle velocity v’ for solid-against- 
liquid collisions should have been used for the case 
that the target plate collided with a liquid drop or 
with a soft deforming metal sphere that would 
flow as a result of the collision. 

Because it is the particle velocity given to the core 


of target material under the collision area that 
is different, and because the constant 7.2 is 0.41 
of the constant 17.5, it follows that a2zV/(2’+ a7) 
0.412V/(2’+ 2) from which 

a=0.41/[1+ (0.59 2/2’)]. (6) 


Values of a calculated with use of eq (6) for colli- 
sions of waterdrops and mercury drops with target 
plates of aluminum, copper, lead, and glass are given 
in table 1. It can be seen that the value of @ for 
waterdrop collisions with the solid materials cited is 
very close to 0.4. This is in exact agreement with an 
independent determination of a made earlier [2]. It 
was found experimentally [2] that 0.00118 sec were 
required for a glass plate to move through a 0.57-cm- 
diam waterdrop when the relative impingement 
velocity was 820 cm/sec (26.9 ft/sec). The velocity 
at which the plate moved through the drop was 484 
em/sec. It was assumed that no particle velocity 
was given to the cylinder of glass through the plate 
under the collision area. Then the velocity at which 


the plate moved through the drop was (1—a)V. 
To this degree of approximation (1—a)820=484 


and a=0.4. 

In consideration of this independent evaluation of 
the coefficient a for waterdrop collisions, it appears, 
in retrospect, that had the proper particle velocity 
been used in [3], the numerical constant found 
empirically for the equation to calculate the depth 
of pits produced by collision of a metal plate with 
liquid drops would have been the same as that with 
rigid steel spheres, namely, 17.5 [4]. 


TaBLE 1. Some values of the coefficient a 


Aluminum Copper Lead Glass 
Drop 
Water 0.39 0.49 0.40 0.38 
Mercury 24 32 28 «22 
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Resistance of White Sapphire and Hot-Pressed Alumina 
to Collision With Liquid Drops 
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(June 22, 1960) 


Fused alumina has been reported to be one of the most promising materials for resistance 
to erosion due to high-speed collision with liquid drops. In this paper, data are presented 
that show the resistance of 0.318-em (0.125-in.)-thick plates of white sapphire and hot- 
pressed alumina to impingement damage by 0.2-cm-diam waterdrops and mercury drops. 
The type of damage done to these high-strength ceramics as a result of collision with a mer- 
cury drop at high velocity was found to be qualitatively the same as that produced on low- 





strength plastics as a result of collision with a waterdrop at relatively low velocity. 
In collision with mercury drops, the velocity at which damage was first observed was 


3.514 10! em/see (1,153 ft/sec) for white sapphire and 4.276 


10* em/see (1,403 ft/see) for 


hot-pressed alumina; the difference in the velocities found for the two ceramics is not con- 


sidered to be significant. 


The velocity required to damage these ceramic materials on collision with a waterdrop 


was not reached experimentally. 


A theoretical extrapolation suggests that plates of these 


ceramics of the indicated thickness can be expected to survive collision with a 0.2-cm water- 


drop without damage up to a velocity of 33.7> 104 em/see (11,100 ft/sec). 


this is equivalent to a Mach Number of 10. 


1. Introduction 


The leading surfaces of objects that fly at high 
speed through rain are eroded as a result of collision 
with raindrops. The erosion damage increases in 
severity as the relative impingement velocity is in- 
creased. It has become a major problem in the pres- 
ent era of high-speed flight. 

A search for materials that will resist this type of 
damage has been made for the past 10 years. Ex- 
perimental testing of materials has been carried out 
at many laboratories of the aircraft industry. An 
effort to determine the cause of the damage and the 
mechanism by which it is produced has been in 
progress at the National Bureau of Standards; this 
research has been conducted under the sponsorship 
of the Nonmetallic Materials Laboratory, Materials 
Central, Wright Air Development Division. 

One of the questions asked at the time that the 
research program on the mechanism of high-speed 
rain erosion was initiated was whether a soft rubbery 
material or a hard rigid material should be sought as 
the solution to the problem. The answer to this 
question is now at hand. In practical terms, the 
answer is that there are rubbery coating materials 
that can withstand collision with waterdrops up to 
impingement velocities of roughly 3X10 cm/see 
(1,000 ft/sec) but that at higher velocities the solu- 
tion to the problem must be sought among the hard 
rigid materials of high strength. 

Fused alumina is one of the most promising ma- 
terials of the latter type for resistance to erosion due 
to high-speed collision with liquid drops. In this 
paper results of an investigation of the overall re- 
sistance and particular mode of failure of white 
sapphire and hot-pressed alumina, under high-speed 
liquid-drop impingement, are presented. 
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For air at 0 °C, 


2. Materials and Test Method 
2.1. White Sapphire 


White sapphire is a pure, single crystal alpha 
alumina made by dropping finely powdered alumina 
through a postmixed oxyhydrogen flame onto the 
molten cap of a seed crystal supported in an insulat- 
ing furnace. Crystallization occurs at the interface 
between the body of the crystal and the molten cap. 
Under proper operating conditions, the material 
that crystallizes has the same orientation as the seed 
crystal. The as-grown crystals are annealed at 
1,900 °C (3,452 °F) to remove strains. ; 

Five disk-shaped target plates of white sapphire 
1.59 em (0.625 in.) in diameter and 0.318 em (0.125 
in.) thick were obtained from the Linde Air Prod- 
ucts Company. They were crystal clear and had 
the appearance of high-quality glass. The face of 
the target plate that would strike the liquid drop 
was given a high polish by the manufacturer. 

The physical properties of white sapphire, taken 
from data supplied by the manufacturer, are listed 
in table 1. 


2.2. Hot-Pressed Alumina 


Hot-pressed alumina (gray) differs from poly- 
crystalline alumina (cream white) in that it is hea‘ed 
and pressed in one operation rather than in two. 
The heating and pressing is done in graphite dies 
and hot-pressed alumina is gray in color because it 
picks up a carbon impurity from the dies. The 
amount of carbon that diffuses into the alumina 
depends on the pressure, temperature, and time 
involved in the hot-pressing operation. Hot pressing 











TaBLE 1. Physical properties of white sapphire and hot- | TaBuiE 2. Data for collisions of target plates of white sapphire 
pressed alumina and hot- pre ssed alumina with 0.2-cem-diam drops 
Material Hot-pressed White sapphire > Speci- | Firing | Drop liquid Collision | Effect on target plate 
aluminas men velocity * | 
Density g/em3___| 3.95 3.98 , Target plates of white weiidee 
Modulus of elasticity —— Poul ; iPS: ote eer oem 
d/em?__| 3.410" Baws. ® xs ogi a Poe 
psi__| 50106 (50 to 55) X106 | 10 ft/sec 
| cm séc | 
Modulus of rupture ¢ f <=. water... 4.779 | 1,568 | No damage. 
d/em? 2.4X109 (2.8 to 9.0) 109 - at 30 °C. i. b water 6.620 | 2,172 | No damage. 
psi 35X 108 --| (40 to 130) 108 { | le water... 7.529 | 2,470 | Missed waterdrop; target plate 
Compressive strength } cracked due to firing shock, 
d/em? 2.8X 1G" 2.110! at 25 °C. | | 
psi__| 400108 300 X 103 | (? } mercury 2. 890 948 | No damage. 
Knoop hardness_-._(K 100)_-)| 2,000 1,525 to 2,000 I b mercury 3.197 1,049 | No damage. 
Mohs hardness. : 9 to 9.5 9 ane ae mercury 3. 21¢ 1,055 | No damage. 
Melting point____......°C__| 2,000 2,040 d mercury 3.514 | 1,153 | Damaged; see fig. 1, 
} 
iia eae Byes t | Til : mercury 3. 581 1,175 | Damaged; see figs 2 and 3. 
® Tabulated ds ata supplied by Norton C o. for H. Alundum. H.P.Alundum | : : ag | P ee 
is hot-pressed alumina of uniform density and hi eee manufactured by sin- ;, pe ___.| mercury 1 420 1,450 | Damaged; see fig. 4. 


tering the pure aluminum oxide crystals; no bonding matrix is used. | | 
b Data supplied by Linde Air Products Co. | yy et reg | ona Tien: ana Ae. £ 
e The modulus of rupture (flexural strength) is probably 20- to 30-percent higher | Vi~-----|-------- mercury...| 4.584 | 1,504 | Damaged; see fig. 5. 
than the tensile strength of these ceramic materials; measurement of their true | ———-——— 
tensile strength is complicated by factors related to their brittleness and the | ’ Target plates of hot-pressed alumina 
difficulty in alining the specimens. 





produces an alumina having a density close to that | 1 water.....| 7.346 | 2,410] No conclusive evidence of 
2 . . . - . damage. 
of white sapphire; there is, however, a considerable 
amount of variability in the product from lot to lot. | ! an Be Papen, eee eae ee 
Five plates of this alumina of the same size and 
1: : ‘ : , gis water _- 11.88 3,898 | No conclusive evidence of 
shape as the white sapphire plates were obtained from damage. 
T ° , * y sh ‘> Oa Tara . > ¢ j | 
the Norton Company. They were opaque and light | jy wiccceny...| date | ate Shame one He: «. 
gray. The impact face of each plate was given a high en ee i 
: . —- : % | : mercury 996 , 638 amaget yy edge collision; 
polish by the manufacturer by means of diamond | y " . see figs. 7A and 7C, . 


. . : | ; ) re 345 Jamaged; see figs. 7A and 7 
grinding and lapping. | li mercury 4.100 1, 34 Damaged; see fi A and 7B, 


Properties of hot-pressed alumina also are listed in 7 ; ; re 
| a The velocity data were supplied by Donald E. Hurd, Convair, Division of 
table ie | General Dynamics Corp., San Diego, Calif. 


2.3. Liquid-Drop Collision Test 
The collision experiments were carried out 
Convair, Division of General Dynamics Corporation. |. ( . Bi 
The ceramic target plates were fastened with ad- | with a 0.2-em-diam waterdrop at the highest collision 
hesive to metal disks of the same size and were fired | velocities that were used, namely, 6.620 10* em/see 
against mercury drops and waterdrops at velocities | (2,172 ft/sec) for white sapphire and 11.88><10' 
ranging from 2.8910 cm/sec (948 ft/sec) to | em/see (5,898 ft/sec) for hot-pressed alumina. In 
11.88 < 10* em/see (3,898 ft/sec). The metal backing | collision with 0.2-em-diam mercury drops, — the 
disks kept the ceramic target plates that were shat- | velocity at which damage was first observed was 
tered by the liquid-drop collisions from falling into | 3.514 10* cm/sec (1,153 ft/sec) for white sapphire 
pieces. and 4.276 10* cm/sec (1 403 ft/sec) for hot-pressed 
The drop size specified for the collisions was 0.2-em | alumina; the difference in the velocities found for 
diam. The mercury drops were weighed on an | the two ceramics is not significant because the vel- 
analytical balance and the diameter of each drop | ocity given for hot-pressed alumina is the lowest 
was calculated from its weight. The mercury drops | velocity at which collision between a mercury drop 
that struck the target plates ranged from 5 percent | and this ceramic occurred. 
above to 1 percent below the specified size. It was The first evidence of failure of these high-strength 
estimated by the experimenters that the waterdrops | ceramics under high-speed mercury-drop impinge- 
were within +10 percent of the nominal size. ment was the formation of cracks that bound a more 
An attempt was made to distribute the velocities at | or less circular undamaged area around the central 
which the target plates were fired. Closely similar | point or eye of the collision. In white sapphire 
velocities were sometimes unavoidably obtained, | these cracks were polygonal; in hot-pressed alumina 
however, because the velocity produced by a given | they were circular. These cracks ran deep into the 
weight of powder is affected by temperature varia- | ceramic material. The cracks nearest to the central 
tion, amount of casing crimp, and the density of | point of the collision were nearly perpendicular to 
powder pack. The velocities at which the target | the surface of the target plate but the outer-lying 
plates were fired are listed in table 2 cracks were inclined at an angle to the surface. 
2 Oiesrecition The material of the target plate was broken out of 
P S the surface along these cracks and on the side of the 
The target plates of white sapphire and hot- | cracks away from the central point of the collision, 
pressed alumina that had collided with mercury | that is, in the direction of the radial flow of the 
drops and waterdrops were examined with a stereo- | liquid of the drop that impinged. The erosion 
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by | microscope. The following observations were made. 
No damage was done to either ceramic by collision 
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damage was more severe the higher the velocity at 
which the collision occurred. 

At high-impingement velocities radial cracks 
formed. They ran out from the center of the colli- 
sion and extended completely across and through 
the target plate. 

Curved cracks that appear to reflect the curved 
edge of the target plates also formed when the im- 
pingement velocity was high. Cracks of this kind 
observed in white sapphire were below the surface 
of the target plate; the curved crack observed in 
hot-pressed alumina extended to the surface. 

The observations of damage caused by collision 
with mercury drops are detailed in the following 
sections. 


3.1. White Sapphire 
The highest velocity at which plate No. II collided 


is the lowest at which any damage was produced 
(see table 2). Figure 1A shows that the damage on 


plate II is restricted to the immediate site of the 
collision at the edge of the plate. 
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White sapphire target plate No. II that collided with a0.2-cm mercury drop at a velocity of 3.514 > 


in the metal backing plate can be seen through the 
clear sapphire. 

Figure 1B shows that the <;° of the collision con- 
sists of an undamaged central area surrounded by an 
imperfectly developed polygon of short straight cracks 
that are almost parallel to une another; possible ex- 
planations are given in sections 4.2(a) and 4.2(b). 
Evidence that these cracks extend down into the 
target plate in a conchoidal type of fracture is pre- 
sented below. Sapphire has been broken out of the 
surface along the polygonal cracks and on the side of 
the cracks away from the center of the collision, that +s, 
in the direction of the radial flow of the liquid of the 
drop that impinged; a possible cause is discussed in 
section 4.2(c). 

Plate No. III collided at a slightly higher velocity 
(see table 2). Figure 2A shows that the damage is 
still restricted to the immediate site of the collision 
close to the edge of the plate; a piece of sapphire was 
chipped away. Machining marks in the metal 
backing plate and bubbles in the adhesive can be 
seen through the sapphire. Figure 2B shows that 
the eye of the collision is again an imperfectly de- 
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Machining marks | veloped polygon of cracks around an undamaged 
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10‘ cm/sec (1,153 ft/sec). 


A, View showing extent of damage to the target plate. B, View of the central point of the collision. 
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Figure 2. White sapphire target plate No. III that collides 
Cae 
A, View showing extent of damage to the target 
center. Sapphire is broken out in much the same 


way as on plate No. II (see above). 

The polygonal cracks extend below the surface in a 
conchoidal fracture, as can be seen in the views of the 
eve of this collision shown figure 3. These pic- 
tures were taken with a different mode of lighting, 
at lower magnification, and with greater depth of 
focus. In figure 3A the structure of the subsurface 
fractures can be seen best but the polygonal cracks 
on the surface are dim. In figure 3B it can be seen 
that the subsurface fractures extend from the surface 
cracks and that, with increasing depth, they diverge 
from a line taken through the central point of the 
collis 10Nn. 

The high velocity at which collision between plate 
No. 1V and a mercury drop occurred (see table 2) 
resulted in radial cracks that extend com ple te ly across 
and through the thickness of the plate. They are 
shown in figure 4A and discussed in section 4.2(d). 

Figure 4B shows the eye of this collision. Sapphire 
has been broken out in much the same way as on 
plate No. II (see above). The large dark regions 
where sapphire appears to have been 


are areas 








1 with a 0.2-cm mercury drop at a velocity of 3.581 10+ cm/sec 
b ft sec). 
plate. B, View of the central point of the collision. 


chipped from the surface between intersecting 
cracks. 

Figure 5A shows damage done to plate No. V at 
the highest velocity at which a white sapphire plate 
collided with a mercury drop (see table 2). Ex- 
tensive radial cracks run out from the center of the 
collision where a considerable amount of sapphire 
has been chipped out of the surface, apparently be- 
tween intersecting cracks. Two semicircular cracks, 
which appear to reflect the curved side of the plate, 
formed as a result of this highest-velocity collision. 
They are indicated with arrows in figure 5A and are 
discussed in section 4.2(e). 

Figure 5B shows the eye of this collision. 

3.2. Hot-Pressed Alumina 

Views of dainaged hot-pressed alumina target plate 
No. IV, which collided with a mercury drop (see 
table 2), are shown in figures 6A and 6B. The ex- 
perimenters at Convair drew a circle around the 
damage mark, which they reported was 0.0005 em 
(0.0002 in.) deep and 0.071 em (0.028 in.) in 
diameter. 
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Figure 7A shows that a crack runs across the 
target plate between the two points of collision. If 
this crack existed even partially before the second 
(lower-velocity) collision occurred, the extent of 
damage caused by this collision at 4.100 10* cm/sec 
(1,345 ft/sec) may not be representative. In this 
connection, it should be pointed out that the degree 
of damage seen in figure 7A was not produced in the 
collision of hot-pressed alumina target plate No. 1V 
with a mercury drop at 4.276X10* cm/sec (1,403 


| 

| ft/sec). See figure 6A. 
| Figures 7B and 7C show that the eye of the colli- 
“ sion is again bounded by a circle of short cracks. 
‘ Less than half of the eve of the collision that occurred 
si at 4.996 <10* em/sec (1,639 ft/sec) can be seen in 
, figure 7C; the remaining part of this area was ap- 


parently lost when a chip from the edge of the speci- 
men broke away. Because the eye was broken in 
half, the crack structure below the surface of the 
opaque hot-pressed alumina can be observed. 
Microscopic inspection with the target plate turned 
at an angle revealed that the short and more or less 
parallel cracks that bound the eye run deep into the 
ceramic; they may extend through the target plate. 
The innermost cracks of the ring may have formed nearly 
perpendicular to the surface, bui the outermost cracks 


formed at an angle estimated roughly to be close to 45° 


to the surface. 

Figure 7A shows that seven radial cracks formed 
around the eye of the lower-velocity collision; the 
longer cracks are characterized by dichotomous 
branching. Comparison of the damage on _ hot- 
pressed alumina target plate No. V with that on 
plate No. IV suggests that the circular cracks that 
bound the eve of the collision form either with or 
without the formation of the long radial cracks (see 
fig. 6). On the other hand, the damage resulting 
from collision with the drop at 4.100 10* cim/see 
(1,345 ft/sec) may be misleading, as was pointed out 
above. Almost invisible cracks may have been pro- 
duced in this plate as a result of the edge collision 
with a mercury drop it had already suffered. 


An interesting crack, which appears to reflect the 
contour of the edge of the target plate, is indicated 


4.996 > 


peas mm —> 


View of the subsurface fractures extending from 
the surface cracks shown in figure 2B. 


FIGURE 3. 


The eye of the collision (see fig. 6B) consists of an 
undamaged central area surrounded by circles of short 
cracks. Because the hot-pressed alumina is opaque, 
damage below the surface cannot be assessed. 

Hot-pressed alumina target plant No. V was fired 
twice. It was chipped by an edge collision at 
10' em/see (1,639 ft/sec) and then shattered 
by collision at 4.100 10! em/see (1,345 ft/sec). See 
figures 7A, 7B, and 7C. 





with an arrow in figure 7A. This crack intersects 
five of the seven radial cracks that run out from the 
eye of the lower-velocity collision. The possible 
origin of this crack is discussed in section 4.2 (e). 


4. Failure 


In order to understand how the observed damage 
was produced, it is necessary to review the stresses 
imposed by an impinging liquid drop. 

4.1. Stresses Produced in Liquid Drop Collisions 

When a liquid drop collides with the planar sur- 
face of a solid, (a) it exerts a localized pressure and 
(b) it flows out radially around the central point of 
impingement. 

a. Localized Pressure 


During the early stages of the collision between a 


| liquid drop and the planar surface of a solid, maxi- 
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FIGURE 4. 


White sapphire target plate No. IV that collided with a 0.2-cm mercury drop at a velocity of 4.420> 
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10+ cm/sec 


tz: 450 ft sec). 


A, View showing extent of damage to the target plate. 


mum pressure exists in a ring around the central 
point of the collision. At the first instant of the 
collision, when the maximum pressure is higher than 
at any later time, this ring may be regarded as a 
point circle. The radius of the ring of maximum pres- 
sure increases and the value of the maximum pres- 
sure in the ring decreases with time until the radius 
of the circle of contact between the drop and the 
solid is about 0.6 of the original radius of the drop. 
When this stage of the collision is reached, the 
ring of maximum pressure vanishes. 

Savic and Boult [1]* have given a hydrodynamic 
treatment of the collision of a drop of incompressible 
liquid with a completely unyielding solid. They 
found that the pressure is infinite at the first instant 
of the collision when the ring of maximum pressure 
may be regarded as a point circle. They state that 
this infinity is prevented physically by, the fact that 
the high-initial pressure is absorbed in the bulk 
compressibility of the liquid, giving rise to an emitted 
compression wave. 

According to the treatment of Savie and Boult 


1 Figures in brackets indicate the literature references at the end of this paper. 


B, View of the central point of the collision, 


[1], very high pressure maxima are developed during 
the early stages of the collision when the pressure 
maximum exists in a ring around the central point 
of the collision. Approximate values of the pressure 
maxima found by them for various values of the 
radius of the circle of contact between the drop and 
solid surface are given in table 3. They found that 
when the radius of the circle of contact is about 0.6 
of the original radius of the drop, the ring of maxi- 
mum pressure vanishes, maximum pressure then 
exists at the center of the drop, and the pressure 
profile across the contact area decreases from the 
center to the periphery of the circle of contact. 


TABLE 3. Maximum pressure in an impinging liquid drop * 


Radius of Approximate 
circle of value of maxi- 
contact } Mum pressure 
0.1 R 3 pU? 
2a by pU > 
8 pl 
~).6 R lo pU2 


® R is the original radius of the drop, p is the density of the liquid of which the 
1! drop is composed, and Uis the impingement velocity. 
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Figure 5. White sapphire target plate No. V that collided with a 0.2-cm mercury drop at a velocity of 4.584104 cm/sec 
(1,904 ft/sec). 
A, View showing extent of damage to the target plate. B, View of the central point of the collision. 


In its ability to exert a localized pressure on the Although an impinging liquid drop acts like a 
surface of a solid with which it collides, an impinging | spherical indenter or like an impinging solid sphere 
drop acts like a spherical indenter. The stresses that | in exerting a localized pressure, the pressure it 
are introduced into an elastic plate by a spherical | exerts is never as great as that exerted by an im- 
indenter were studied with the use of small foam | pinging solid sphere for any given impingement 
rubber pads and spherical indenters of glass and | velocity. This is because part of the collision 
steel. The kinds of stresses that act and the direc- | energy of an impinging drop is transformed into 
tions in which they act were deduced from the | radial flow of the liquid of which it is composed. 
behavior of blemishes (holes and scratches) in the | An impinging solid sphere can inflict damage only 
rubber as observed under low-power magnification. | by exerting a localized pressure; an impinging liquid 

The principal stresses at the periphery of the area | drop can inflict damage both by the localized pres- 
compressed by an indenter are tensile and compres- | gure it exerts and by its radial flow. 
sive (see fig. 8). This was shown by pressing a 


steel sphere into a rubber pad. Near the center of b. Radial Flow 

the compressed area below an indenter the principal 

Stresses are ¢s . ‘Agaivea \Pare) 10 . his Tac | ‘ . aie 
stresses are all compressive (see fig. 8). This was The impact pressure produced by the collision of 


shown by use of a spherical glass indenter flattened 
on one side; the behavior of the rubber under the 
indenter as it was pressed into the pad was observed 
through the flat area on the sphere. The principal 


a liquid drop with the planar surface of a solid 
drives the liquid that is close to the solid surface 
radially outward around a central stagnation point. 
stresses at the convexity on the reverse side of & The flow velocity can become very high. In the 
plate into which an indenter is pressed are all | case of a waterdrop colliding with a glass plate at 
tensile (see fig. 8). This was shown by pressing a | free-fall velocity, it has been found to approach ten 
rubber pad over a steel sphere. times the value of the impingement velocity for 
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short times after the collision incident [2]. 

The radially flowing liquid of an impinging drop 
exerts a shear stress on the surface of the solid over 
which it is running. The shear stress + between 
layers of liquid in laminar flow js given by ,«(0v/0z) 
where » is the viscosity of the liquid, v is the velocity 
at which the liquid is moving, and 2z is the direction 
through the thickness of the liquid sheet. The 
laver of liquid molecules in direct contact with the 
surface of the solid has zero velocity, but the 
velocity gradient is not zero and the shear stress is 
applied to the solid. 

If the radial flow of an impinging liquid drop runs 
over a surface protrusion, it exerts forces against the 
protrusion that tend to separate the protrusion from 
the underlying layers of material. Pressure exerted 
against the protrusion by the flowing liquid tends to 
move the protrusion along the planar surface of the 
solid and results in a shear stress at the base of the 
protrusion. The pressure exerted by the liquid also 
results in a turning moment that tends to bend the 
protrusion over. If the forces exerted by the rapid 
flow of liquid are large enough, failure may occur. 
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FIGURE 6. Hot-pressed alumina target plate No. IV that collided with a 0.2-cm mercury drop at a velocity of 4.276 * 104 em/sec 
(1,403 ft/sec). 


A, View showing extent of damage to the target plate. B, View of the central point of the collision. 


lhe protrusion may be bent over, it may be broken 
off, or part of the solid material below the surface 
may be torn out with it. 


4.2 Correlation of Observed Failures With 
Stresses 


a. Undamaged Center 


The damage marks consisted of an undamaged 
center surrounded by a polygon of cracks on sap- 
phire and by a circle of cracks on hot-pressed 
alumina. The undamaged center is the part of the 
damage mark that was under high pressure during 
the collision. If a cavity formed during the colli- 
sion, the undamaged center was the highly com- 
pressed material at the bottom of the cavity where 
the principal stresses are all compressive (see fig. 8). 
Brittle materials, such as glass, fail in tension [3], 


and it can be surmised that white sapphire and hot- 


pressed alumina will fail in tension. Because no 
tensile stresses form in the compressed solid material 
near the center of the collision, failure would not be 
expected here. 
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b. Polygonal or Circular Cracks 


The polygonal and circular cracks formed in the 
region of tensile stress around the central com- 
pressed area (see fig. 8). It seems reasonable to 
suppose that these cracks are the result of a tensile 
failure. 

In the case of a hemispherical] distribution of 
pressure on the surface of a semi-infinite medium, 
the maximum tensile stress is radial, exists at the 
periphery of the compressed area, and is given 
by [3], 

o,=(1—2v)/3q 


where v is Poisson’s ratio and q is the maximum 
pressure at the center of the compressed area. The 
type of pressure distribution for which this equation 
applies exists under an impinging liquid drop only 
after the circular pressure peaks that develop during 
the earliest stages of the collision have vanished. 
This occurs when the radius of the circle of contact 
is about 0.6 of the original radius of the drop (see 
sec. 4.1). The maximum pressure at this time 
according to the hydrodynamic treatment of Savic 
and Boult [1] for a drop of incompressible liquid 
impinging against the planar surface of an unyielding 
solid, is 9.3 10° d/em? (135,000 psi) for a mercury 
drop colliding at 3.58110* cem/see (1,175 ft/sec). 
The damage mark made on a white sapphire target 
plate on collision with a 0.2-em mercury drop at 
this velocity is shown in figure 2B. Using this value 
for the maximum pressure, go, and 0.26 for an average 
value 2 of Poisson’s ratio, v, a value of 1.5 10° 
d/em? (22,000 psi) is obtained for the radial tensile 
stress, o,. This is only about half of the tensile 
strength of white sapphire. See modulus of rupture 
in table 1. From figure 2B it can be seen that the 
radius of the area enclosed by the outermost poly- 
gona: cracks is about 0.05 cm or half the original 
radius of the 0.2-cem-diam mercury drop, whereas 
the calculated value of o, is for a radius of about 
0.06 cm. 

Furthermore, polygonal cracks have formed at dis- 
tances from the central point of the collision that 
range from about 0.025 to about 0.05 em. From the 
treatment of Savic and Boult [1], the maximum pres- 
sure would be increased by a factor of 2 for the case 
that the radius of the circle of contact is 0.03 em, 0.3 
of the radius of the original drop, and would be in- 
creased by very close to a factor of 3 for the case that 
the radius of the circle of contact is 0.02 cm, 0.2 of the 
radius of the original drop. See table 3. Hence it 
can be surmised that the radial tensile stresses are 
from 2 to 3 times higher than 1.5 10° d/em? (22,000 
psi) at the distances from the central point of the 
collision where polygonal cracks are observed to have 
formed, and are in excess of the tensile strength of 
white sapphire. However, because the equation 


ee 
* This average value of Poisson’s ratio for white sapphire and polycrystalline 


alumina was kindly supplied by J. B. Wachtman, Jr., of NBS Engineering 
Ceramics Section. 
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given for the radial tensile stress, o,, is based on a 
different pressure distribution from that which exists 
in a liquid drop when the radius of the circle of con- 
tact is less than about 0.6 of the original radius of the 
drop, this equation cannot validly be used to compute 
them. 

The difference in the type of cracks (polygonal or 
circular) appears to result from the degree of ani- 
sotropy of the two ceramics. The single-crystal white 
sapphire is characterized by cleavage planes on 
which failure occurs first whereas polycrystalline 
hot-pressed alumina is isotropic. 


c. Breaking Out of Material 


White sapphire is eroded away along the poly- 
gonal cracks that formed in it. This damage ap- 
pears to be the result of the radial flow of the mer- 
cury drops that impinged. If the broken edges of 
the cracks were raised above the planar surface of the 
target plate by plastic flow, they may have provided 
protrusions against which the radially flowing mer- 
cury exerted pressure. The pressure would result 
in a shear stress below the protrusion and a turning 
moment exerted against it, which may have caused 
the loss of siateal, 

The reasoning just given is supported by the ob- 
servation that the loss of sapphire material occurred 
on the side of the crack away from the central point 
of the collision. If the raised broken edge of the 
crack provided a protrusion against which the radial 
flow of the mercury of the drop could exert a pres- 


| sure, this is the side of the crack against which the 


pressure would be exerted. 

There are two other observations that support 
the reasoning given. One of these is that the outer- 
most polygonal cracks are more eroded than the 
innermost. This may be explained in terms of the 
magnitude of the radial flow velocity at different dis- 
tances from the stagnation point (zero flow velocity) 
at the center of the collision. On the other hand, 
there may have been an increase in the magnitude 
of the radial tensile stress with increase in distance 
from the center of the collision and the outermost 
cracks may, therefore, have developed higher raised 
edges due to plastic flow. The other observation is 
that the erosion damage increased in severity as the 
impingement velocity was increased. This could 
be in agreement with the fact that the velocity of 
the radial flow is increased as the impingement 
velocity is increased. However, the magnitude of 
the radial tensile stresses introduced is also increased 
as the impingement velocity is increased and this 
could explain the observation in terms of higher 
raised edges along the cracks. 


d. Radial Cracks 


Radial cracks formed at the highest impingement 
velocities at which mercury drops struck the target 
plates of both white sapphire and hot-pressed alu- 
mina. They ran out from the center of the collision 
and extended completely across and through the 
target plates. 
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These cracks are probably also the result of a ten- 
sile failure. Tensile stresses perpendicular to the 
radial principal planes of stress are required to ac- 
count for them. The stresses perpendicular to the 
radial principal planes of stress around the periphery 
of the area of the target plate compressed by the 
colliding drop are compressive (see sec. 4.1 and fig. 
8). 

It is possible that these cracks may originate on 
the reverse face of the target plate if the compres- 
sional wave initiated by the collision reflects appre- 
ciably as a tension wave.* The principal stresses 
that exist on the reverse face of the plate if this 
reflection occurs are all tensile stresses (see fig. 8). 
Hence radial cracks could form on the reverse face 
of the plate as a result of a tensile failure. It is 
possible that the radial cracks originate on the re- 
verse face of the target plate and progress through 
it to the collision surface. 


e. Curved Cracks 


Cracks that reflect the curvature of the bounding 





edge of the target plates formed in both white sap- 
phire and hot-pressed alumina. A wave of com- | 


pression is initiated in the target plate as a result of 
the collision. When this wave reaches the curved 
edges of the target plate, it reflects both as a tension 
wave and as a transverse wave. It seems very 
likely that the curved cracks formed when the level 
of stress in the reflected tension wave exceeded the 
tensile strength of the ceramic material. 

From figures 5A and 7A it can be seen that the 
distance from the edge of the hot-pressed alumina 
target plate to the curved crack is about the same 
as the distance from the edge of the white sapphire 
target plate to the curved crack that formed furthest 
from the edge of it. On the basis of the observa- 


tion that no second crack formed in hot-pressed alu- | 


mina, and of the information that the tensile strengths 
of the ceramics and the sizes and velocities of the 
impinging drops were closely similar, it can be de- 
duced that the crack furthest from the edge of the 
white sapphire target plate formed first. This de- 
duction is in agreement with the observation that 
the curvature of the two cracks is in the same di- 
rection. Ifthe crack nearest the edge of the sapphire 
target plate had formed first, the compressional 
wave initiated by the collision would have begun to 
reflect from the curved surface of this crack, and it 
would be expected that, if the level of tensile stress 
in the tension wave reflected from this crack again 
exceeded the tensile strength of the ceramic, the 
second crack to form would curve in the opposite 
direction. 

The curved edges of the target plates focus the 
reflected tension waves in the same way that a curved 
mirror focuses reflected light waves. This is in 
agreement with the observation that the curved 
cracks are isolated; they do not extend from edge to 
edge of the target plate. The curved cracks formed 


3 The extent to which reflection and transmission of the compressional wave 
may have occurred at the adhesive bond between the ceramic target plate and the 
aluminum backing plate is not known. 





Sp finn 


Hot-pressed alumina target plate No. 
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104 cm/sec (1,639 ft/sec). 


V" that collided 
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FIGURE 7. 
with 0.2-cm mercury drops at velocities of 4. 
(1,345 ft/sec) and 4.996 > 


A, View showing extent of damage to the target plate. 


in white sapphire are below the surface. This may be 
ascribed to the effect of the bevelled edge of the 
target plate on the reflected wave. In hot-pressed 
alumina, however, the curved crack extends to the 
surface. 

If the curved crack furthest from the edge of the 
white sapphire target plate formed first, as seems to 
be the case from the evidence at hand, the mechanism 
by means of which the crack nearest the edge of the 
target plate then formed needs to be explained, 

At the time that the curved crack furthest from the 
edge of the target plate forms, a tension wave super- 
posed on a pressure wave is trapped between this 
curved crack and the curved edge of the target plate. 
The curvature of both bounding surfaces between 
which the trapped wave must travel is such as to 
focus the wave further. This is in agreement with 
the observation that the crack that eventu: ally 
forms closest to the edge of the target plate is shorter 
than the crack that appeared first and that formed 
| furthest from the edge of the target plate. If the 
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FIGURE 7. 


B, View of the central point of the lower-velocity collision. 


boundaries between which the trapped wave must 
reflect were straight, the level of tensile stress in the 
tension wave would never again exceed the tensile 
strength of the ceramic. In the case of reflection 
between curved boundaries, the focusing effect of the 
boundaries may make the formation of the second 
fracture possible. 
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Figure 8. Principal stresses (P, pressure; T, tension) at 

the concavity and convexity produced by a spherical indenter 

pressing against an elastic solid plate. 





Continued 


C, View of the higher-velocity collision site (edge of plate). 
5. Resistance to Waterdrop Impingement 


The information of greatest interest from a practical 
standpoint is the resistance of white sapphire and of 
hot-pressed alumina to waterdrop impingement. 
This information was not obtained in the tests 
because impingement velocities high enough to 
fracture these ceramics on colliding with a waterdrop 
were not reached. In this section an equation is 
developed from which an estimate of the resistance 
of these ceramics to waterdrop impingement can be 
obtained by extrapolation of their resistance to 
mercury drop impingement. 

To develop this equation the following assumptions 
are made: (1) A concavity (no matter how small) 
forms in a thin ceramic plate, whose reverse face is a 
free surface, as a result of high-speed liquid-drop 
impingement; (2) elastic recovery without fracture 
occurs when the impingement velocities are low and 
the depth of the concavity is small; and (3) cor- 
respending velocities to produce equal depth of con- 
cavity in a given edge-supported ceramic plate by 
impingement with drops of a liquid A and drops of a 
liquid B are corresponding velocities for fracture 
when the concavity reaches the depth at which the 
tensile stresses that develop around it (either by 
themselves or when they are reinforced by the tension 
wave reflected from the reverse face of the plate) 
are sufficient to produce fracture. 
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Assumptions (1) and (2) are reasonable because, 
although microscopic plastic deformation at stress 
concentrations has been found to take place in white 
sapphire and ruby [4], in macroscopic terms these 
ceramics may be said to yield elastically until fracture | 
occurs. The validity of assumption (3) is open to 
question. It depends on similarity considerations 
and, therefore, on the implication that concavities of 
equal depth produced by impingement of drops of 
different liquids are of similar shape. However, it 
may be sufficiently reliable for a rough estimate if the 
diameters of the drops and the viscosity and surface 
tension of the liquids used are not too widely 
different. Within the validity of the assumptions 
made, an equation from which extrapolated cor- 
responding velocities for equal fracture of thin edge- 
supported ceramic plates by liquid-drop impingement 
can be calculated, has been developed as follows. 

When a fast-moving target plate collides with a 
stationary liquid drop, a core of material through the 
target plate under the collision area is slowed down 
with respect to the remainder of the target plate as a 
result of the collision. As in a previous treatment 
[5], the situation is idealized in two ways. First, 
the core is regarded as a true cylinder that is free to 
move in the direction of the collision blow but is | 
restrained laterally. A similar cylinder exists in the 
liquid of which the drop is composed. Secondly, the 
compressional waves that move through the cylinder 
in the target plate and through the cylinder in the 
drop are regarded as plane waves. | 

The depth, 6 6’, of the concavity that forms elasti- | 
cally in a ceramic target plate as a result of high- 
speed collision with a liquid drop is proportional 
both to the particle velocity, v’, produced in the core 
of target material under the contact area as a result 
of the collision, and to the time, t, that this particle 
velocity exists. Then, 





(1) 





where k is a constant. It has been shown [6] that, 
for the case that the target plate collides with a liquid 
drop rather than with a solid sphere, 


, azV 
v= =5 ——— 


cones (2) 
e Tac 

where a is a coefficient having a value less than one, 
V is the impingement velocity, and z=cp where p 
is the density and c is the speed of irrotational waves 
in infinite medium. Primed quantities refer to the 
material of the solid target plate; unprimed quanti- 
ties refer to the liquid of which the drop is composed. 
All quantities are in cgs units. It has also been 
shown [6] that 


a=0.41/[1+ (0.59 2/2’)]. (3) 


As before [5], the time ¢ is the time required for 
the compressional wave initiated in the liquid of the | 
drop to move through the drop, reflect as a tension | 


wave from the free liquid-to-air interface, and return 
to the contact area between the drop and the target 
plate. Then, 
t= 2d/e (4) 
where d is the diameter of the drop. 
By substituting eq (2) and (4) into (1), the depth 
of concavity produced by collision of the target 
plate with a drop of liquid A is 


a A@ cA Va Ad, ai 
; su=K(S +0424 EF ) (5) 
Similarly, for a drop of a liquid B, 
Ve \/2de 
ry i ee “BY B a ), i 
a + QApZB )( CR (6) 


By equating eq (5) and (6), it is found that 
TaacaA 


en 659 Geers) C90) 


If fracture of the ceramic occurs when the con- 
cavity that forms reaches a certain depth, then, by 

te Rr ae into eq (7) the velocity known to pro- 
duce fracture on a brittle elastic solid by impinge- 
ment of drops of a liquid B, the velocity required to 
produce fracture of the same solid by impingement 
of drops of a liquid A can be calculated. 

Let liquid A be water, liquid B be mercury, and 
the target plate be of white sapphire. From eq (3), 
and the data of table 4, the coefficient a for water- 
drops impinging against white sapphire is 0.40, and 
the coefficient a for merc ury drops impinging against 
white sapphire is 0.32. Then, from eq (7) and the 
data of table 


Vw 9 6( 5 ( 8) 


where sub-W indicates water and sub-M indicates 
mercury. For the condition that the waterdrop and 


mercury drop have the same diameter, Vy=9.6 Vay. 
It required an impingement velocity of 3.514 10* 
TABLE 4. Acoustic impedance 
Material Density Sound speed Acoustic 
impedance 
g/cm cm/sec g/(cm?-sec) 
Water. @(). 99707 b 1.497105 0. 1493 106 
Mercury 2 13. 546 b 1.451105 1. 966 106 
Polyethylene a(), 92 © 1.95105 0. 1794 106 
White sapphire 13.98 £11.00105 4. 378X108 
Hot-pressed alumina €3.95 £11. 00105 4. 345X108 


* Data from Handbook of Chemistry and Physics. 

b Data from L. Bergmann, Der Ultraschall, S. Hirzel, Stuttgart, 1954. 

¢ Data from American Institute of Physics Handbook, 1958. 

4 Data supplied by Linde Air Products Company. 

e Data supplied for H. P. Alundum by Norton Company 

f Approximate average value supplied by John B. Wachtman, Jr., 
Engineering Ceramics Section. 
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cm/sec (1,153 ft/sec) to produce fracture of a white 
sapphire target plate 0.318 em (0.125 in.) thick in col- 
lision with a 0.2-cm mercury drop (see fig. 1). From 
eq (8), a 0.2-em waterdrop would have to collide with 
the same target plate at a velocity of 33.7 10* cm/sec 
(11,100 ft/sec) in order to produce fracture. Taking 
the speed of sound in air at 0° C to be 3.31710 
cm/sec (1,088 ft/sec), the Mach Number equivalent 
is 10. 

Experimental verification of eq (7) is needed before 
corresponding velocities calculated by use of it can be 
relied upon. The only experimental data available 
to check eq (7) are those being obtained in a study 
currently in progress on the fracture of an unidenti- 
fied polycrystalline alumina by impingement of 
polyethylene pellets [7]. In this study, 12.7-cm 
(5-in.) square plates of 99+ percent pure poly- 
crystalline alumina 0.635 em (0.25 in.) thick are 
being used as targets for impingement of 0.5-em 
polyethylene pellets fired at a constant velocity of 
23.5 < 10 em/see (7,700 ft/sec). The ceramic plates 
are maintained at a temperature of 1,371 °C (2,500 
°F) during the firings. The angle at which the 
polyethylene pellets strike the target plates is 
increased until erosion, and finally breakage failure, 
occurs. The data available at present are for two 
plates tested to complete failure. Significant erosion 
was not noted until the impact angle was in each 
case 40°. One of the plates failed to the point of 
breakage at an impact angle of 40° and the other 
plate failed to the same extent at an impact angle 
of 60°. These impact angles were reported to 
correspond to normal velocities of 14.9 10* em/sec 
(4,900 ft/sec) and 20.4*10* em/sece (6,700 ft/sec), 
respectively [7]. 

Because the resistance of white sapphire and of 
hot-pressed alumina to mercury-drop impingement 
was found to be nearly the same, and because the 
more common, cream-white polycrystalline alumina 
is a ceramic of comparable strength properties, the 
reliability of eq (7) can be tested roughly by cal- 
culating the velocity required to damage white 
sapphire to the point of radial crack formation by 
impingement of a 0.5-em polyethylene pellet. 

By use of eq (3) and the data of table 4, it is found 
that the coefficient @ for collision of a polyethylene 
pellet with a white sapphire plate is 0.40. By use 
of eq (7) and the data of table 4, it is found that 


Vp — 10.5( Var (9) 
4 p 


where the sub-P notation indicates polyethylene. 
From figure 4 it can be seen that radial fracture of 
a white sapphire target plate occurred as a result 
of impingement of a 0.2-cm mercury drop at a 
velocity of 4.420 10* em/see (1,450 ft/sec). Using 
this velocity for Vy, 0.2 em for dy, and 0.5 em for 
dp, eq (9) predicts that an impingement velocity 
of 18.6 10' em/see (6,090 ft/sec) would be required 
to produce the extent of fracture seen in figure 4 
with use of a 0.5-em polyethylene pellet. 





The velocity calculated by use of eq (9) is between 
the two values that have been found experimentally. 
However, the fact that the ceramic target plates 
were held at a temperature of 1,371 °C (2,500 °F) 
during the test firings, which may have affected 
their resistance, the fact that the polyethylene 
pellets impinged at an angle, which should result 
in an unsymmetrical distribution of stress, and the 
fact that the drop size was considerably different 
raise questions that reduce the significance of this 
good agreement. 

Jackman and Roberts [8] have found that the 
strength of polycrystalline alumina is not changed by 
an increase in temperature until the temperature 
reaches 700 °C (1,292 °F). If the temperature is 
increased further, there is a gradual decrease of 
strength with increase of temperature [8]. At 
1,300 °C (2,372 °F) the strength is roughly one- 
third of its room-temperature value [8]. The strength 
of white sapphire has a very different temperature 
dependence [5, 8]. It decreases with increase of 
temperature to a minimum in the range of 300 to 
600 °C (572 to 1,112 °F) and then increases with 
further increase in temperature until, at about 
1,000 to 1,200 °C (1,832 to 2,192 °F), it is very 
close to its room-temperature value. 

It is possible that, at the high rates of loading 
involved in the impingement tests, the temperature 
of the ceramic plates may not have an important 
effect on the velocity that an impinging pellet must 
have to break them.‘ But this effect, the effect of 
drop size, and the effect of the angle at which the 
collision occurs need to be determined. 

Until eq (7) is verified more conclusively with 
experimental evidence, corresponding velocities cal- 
culated by use of it should not be regarded as more 
than estimates. 


6. Ultimate Failure 


In erder to extrapolate from the observed liquid- 
drop-impingement failure of white sapphire and 
hot-pressed alumina to what may be expected at 
higher collision velocities, it is useful to consider 
the failure of low-strength brittle solids, such as 
poly(methyl methacrylate) and polystyrene, under 
imposed stresses of the same kind. 

Polygonal cracks have been observed in poly 
(methyl methacrylate) as a result of waterdrop 
impingement at a velocity of 2.234<10* cm/sec 
(733 ft/sec) [9]. The cracks were widened by break- 
ing out of the surface material along them in a 
direction away from the central point of impact as 
a result of the radial flow of the water. With respect 
to these features, the damage marks produced on 
low-strength poly(methyl methacrylate) by water- 
drops impinging at a velocity of 2.234 10* cm/sec 


4I am indebted to J. B. Wachtman, Jr. of NBS Engineering Ceramics Section 
for this suggestion. 
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(733 ft/sec) are similar to the damage marks pro- 
duced on high-strength white sapphire by mercury 
drops impinging at a velocity of 3.514 10* cm/sec 
(1,153 ft/see). 

The ultimate kind of failure that white sapphire 
will undergo may be predicted from the observed 
damage done to a plate of polystyrene 0.318-cm 
(0.125-in.) thick that collided with a waterdrop at a 
velocity of 7.66610* em/see (2,515 ft/sec). A 
circular plug of polystyrene was cut out of the plate 


as a result of the collision (see fig. 9). It can be 
expected that similar damage will be done to white 
sapphire and to hot-pressed alumina as a result of 
collision with a waterdrop. The only difference 
will be that the collision velocity required to produce 
this degree of damage will be much higher for the 
high-strength ceramics than for the relatively weak 
polystyrene. Indeed, it has already been reported 
informally [7] that a plug has been cut out of a plate 
of polycrystalline alumina as a result of collision 
with a polyethylene pellet. 





FIGURE 9. 


Polystyrene target plate that collided with waterdrops at a velocity of 7.666 < 104 cm/sec (2,515 ft/sec). 


The plug of polystyrene cut out of the target plate is also shown 


(Magnification 
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Vol. 64A, No. 6, November—December 1960 


Note on the Thermal Degradation of Polytetrafluoro- 
ethylene as a First-Order Reaction 


S. L. Madorsky and S. Straus 


(June 23, 1960) 


Additional experiments on the rates of thermal degradation of polytetrafluoroethylene 


in a vacuum confirm an earlier conclusion 
degradation reaction. 


In a study made by Madorsky, Hart, Straus, and 
Sedlak ! on the rates and activation energy of thermal 
degradation of polytetrafluoroethylene in a vacuum, 
two methods were employed: a gravimetric method, 
using a very sensitive tungsten spring balance in 
a vacuum system to measure the rate of loss of 
weight of the degrading sample, and a pressure 
method, using a multiplying manometer to measure 
the pressure of the C.F; formed in the reaction. 
The material that was used was in the form of a 
tape 0.07 mm thick. Weight of the sample was 
about 7 mg in the gravimetric experiments and 
5 to 306 mg in the pressure experiments. 

The rates obtained by the gravimetric method 
are reproduced in figure 1, plotted as a function of 
percentage loss of weight of the sample for 480, 490, 
500, and 510 °C. The initial rates were obtained 
by extrapolating the rate curves to the ordinate. 
The rate curves beyond the initial 5 to 18 percent 
loss of weight of the sample are straight lines, and 
when extended to the right they approach near the 
zero rate at 100 percent volatilization. The rates 
obtained by the pressure method were studied at 
10 different temperatures ranging from 423.5 to 
513.0 °C. Logarithms of the initial rates obtained 
by both methods are shown in figure 2 plotted against 
the inverse of absolute temperature.2 From the 
Arrhenius equation the slope of the resulting straight 
line indicates an activation energy of 80.5 kcal/mole. 
From the appearance of the curves in figure 1 it 
seemed logical to conclude that the reaction involved 
in the thermal degradation of polytetrafluoroethylene 
in a vacuum follows a first-order law. 


At a later date Wall and Michaelson * studied the 
rate of thermal degradation of polytetrafluoroethy- 
lene at 460 °C in a stream of nitrogen. They used 
a gravimetric method by heating 1-g samples of 
a powdered material and weighing the residues at 





1 §. L. Madorsky, V. E. Hart, S. Straus, and V. A. Sedlak, J. Research NBS 51, 
327 (1953) RP2461. 

2 In the earlier paper (see footnote 1), the abscissa of a similar graph (fig. 5) was 
incorrectly labelled log (1/T) X103, whereas it should have been (1/7') X 103. 

3L. A. Walland J. D. Michaelson, J. Research, NBS 56, 27 (1956) RP2644. 
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Figure 1. Rate of thermal degradation of polytetrafluoro- 
ethylene by the weight method as a function of percentage 
volatilization. 


intervals. They state that below about 480 °C the 
reaction is zero order, whereas above 510 °C they 
concede it is first order. 

In view of this result by Wall and Michaelson, it 
was deemed advisable to check further on the rate 
order involved in the thermal degradation of this 
material ina vacuum. Although experiments by the 
pressure method were carried out in our earlier work 
at temperatures below 480 °C, the extent of volatiliz- 
ation was at most only 6.4 percent. Degradation 
had not been carried far enough to determine ac- 
curately whether the percentage loss versus time 
plots were straight or curved lines, i.e., whether the 
indicated reaction is of zero or first order. Rate ex- 
periments were therefore carried out by the weight 
method at lower temperatures, namely at 460, 475, 
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Activation energy slope for thermal degradation of 
polytetrafluoroethylene. 


FIGURE 2. 


@— weight method (see footnote 1) 
_)—pressure method (see footnote 1) 
W@—present work. 


and 485 °C, and the results are shown in figure 3, 
where percentage loss of weight is plotted against 
time. The curves are definitely not straight lines, as 
would have been the case if the reaction had followed 
a zero order. 

In our previous work (see footnote 1) the rates 
were obtained by plotting the slopes between two 
neighboring experimental points in the volatiliza- 
tion-time plots. In the present work the slopes were 
calculated from the curves shown in figure 3, and the 
resulting rate curves based on these calculations are 
shown in figure 4. The same type of rate curves 
were obtained as in the earlier work. Values obtained 
for the initial rates at these three temperatures fit 
nicely into the Arrhenius plot, as shown by the 
squares in figure 2. 
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The present work therefore confirms our earlier 
conclusion that the degradation of polytetrafluoro- 
ethylene in a vacuum follows a first-order rate law, 
where the rate of volatilization, based on the sample, 
is directly proportional to the amount of residue. 
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Heat of Formation of Titanium Trichloride 
Walter H. Johnson, Alexis A. Gilliland, and Edward J. Prosen 


(August 2, 1960) 


A calorimetric comparison of the heat of hydrolysis of TiCl(liq) with the heat of oxida- 
tion and hydrolysis of TiCl3(c) has been made. The following value is reported for the 
combination of these data according to the process: 


TiCl;(¢) +%41,(e) + HCl(g) > TiCh (liq) + HI(g), 


AH°(25 °C) =8.37 +£0.30 keal/mole. 


A combination of this value with —192.3+0.7 keal/mole for the heat of formation of 
TiCl,(liq) and with the standard heats of formation of HCl(g) and HI(g) gives for TiCl;(c), 


AHf°(25 °C) = —172.4+0.8 kcal/mole. 


1. Introduction 


Several independent determinations of the heat of 
formation of titanium trichloride have been reported 
during the past few years [1, 2, 3, 4, 5, 6].'. The only 
values previously available were those estimated by 
Brewer, Bromley, Gilles, and Lofgren [7] and by 
Kubaschewski and Evans [8], which are now gen- 
erally known to be low. The difficulties encountered 
in the purification of titanium trichloride and its 
reactivity toward oxygen and moisture have no 
doubt contributed to the scarcity of experimental 
data. 

We conducted a number of experiments on the re- 
action between crystalline TiC]; and gaseous chlorine 
in a calorimetric vessel originally designed for meas- 
urement of the heat of formation of boron trichloride 
[9]. Although TiCl,(c) is readily converted to 
TiCl,(g) by the action of chlorine at about 300 °C, 
a portion of the finely divided sample was carried 
away by the gas stream. The insertion of a glass 
wool plug tended to reduce the transfer of TiCl;, but 
the presence of adsorbed moisture introduced sig- 
nificant errors in the determination of the quantity 
of reaction. 

We therefore decided to use a solution calorimeter 
to make a comparison between the heats of forma- 
tion of TiCl,(c) end TiCl(liq). When TiCl,;(¢) is 
added to aqueous acid containing an oxidizing agent, 
the titanium is converted to the tetravalent state; 
the resulting solution may be reproduced by adding 
TiC], to an acid solution which contains the reduced 
form of the oxidizing agent. The difference be- 
tween the heats of formation of TiClh, and TiCl, 
may be determined from a combination of the heat 
of oxidation and hydrolysis of TiCl,; with the heat of 
hydrolysis of TiCl, and with certain auxiliary data. 
This method is similar to that employed by Clifton 
and MacWood [1], except that the experiments were 
performed at 30 °C instead of 0 °C and iodine was 
used as the oxidizing agent instead of FeCl. 
asinine 

1 Figures in brackets indicate the literature references at the end of this paper. 





2. Source and Purity of Materials 


The TiCl, and TiCl; were prepared by the In- 
organic Chemistry Section of the Chemistry Divi- 
sion. The purity of the TiCl, was determined to be 
99.99 mole percent by freezing point determinations 
made in the Pure Substances Section of the Chem- 
istry Division. This material was the same as that 
used previously for the determination of the heat of 
formation of Til, [9]. 

The purity of the TiCl,; was determined by the 
Inorganic Chemistry Section to be greater than 
99.8 percent. Analyses of the solutions obtained 
after bydrolysis indicated the purity to be 100+0.2 
percent. 

The iodine, potassium iodide, and hydrochloric 
acid were reagent-grade materials used with no fur- 
ther purification. The hydriodic acid was _redis- 
tilled and the constant-boiling fraction collected 
under a nitrogen atmosphere. 


3. Apparatus and Procedure 


The apparatus was the same as that used for the 
determination of the heat of formation of Til, [9], 
except for minor changes. Capillary inlet and exit 
tubes were inserted through the calorimeter head to 
permit removal of oxygen by flushing with nitrogen. 
Calorimeter temperatures were measured by means 
of a platinum resistance thermometer. The ther- 
mometric system, the apparatus for measurement of 
electrical energy, and the calorimetric procedure 
have been described in previous reports [11, 12]. 


3.1. Hydrolysis of TiCl, (liq) 


Samples, approximately 0.01 mole each, of the 
TiCl, were transferred into thin-walled, spherical 
Pyrex bulbs and sealed in vacuum. The calori- 
metric solution consisted of 0.01 mole KI, 0.02 
mole I;, 0.40 mole HCl, 0.01 mole HI, and 25.33 
moles water. The iodine and KI were dissolved in 
a small quantity of water before adding the other 
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materials; the HI was taken from a constant-boiling 
solution and the HCl from a prepared 4N solution. 
The remainder of the water was added to bring the 
total weight up to the previously calculated value. 
The calorimeter was then assembled, placed in the 
constant-temperature calorimeter jacket, the stirrer 
connected, and oxygen removed by flushing with 
nitrogen. The inlet and exit tubes were then closed, 
leaving a slight positive pressure of about 1 mm 
above atmospheric pressure in the calorimeter. 

Calorimeter temperatures were noted at 2-minute 
intervals during the initial rating-period, after which 
the sample bulb was crushed and temperatures 
measured at 1-minute intervals until thermal equi- 
librium was reestablished. ‘Temperatures were then 
noted at 2-minute intervals during a final rating- 
period. 

The rate of hydrolysis was quite rapid, the hydroly- 
sis being essentially complete within one minute. 
In a few cases some of the calorimetric solution was 
splashed upon the upper walls of the vessel; in such 
sases the experiment was discarded. The reaction 
produced no noticeable difference in the color of the 
solution. 

The calorimeter was calibrated in the same 
manner, except that an empty bulb was used and the 
temperature rise was derived from a carefully 
measured quantity of electrical energy introduced 
into the system. 


3.2. Hydrolysis of TiC],(s) 


Samples, approximately 0.01 mole each, of the 
finely divided TiCl; were transferred into glass bulbs 
in a dry-box under an atmosphere of nitrogen. The 
bulbs were capped while in the box, then removed 
and sealed. 

The calorimetric solution was the same as that 
used for the experiments with TiCl, except that the 
HI was omitted and the quantities of iodine and HC! 
were increased to 0.025 and 0.41 mole respectively. 
The calorimetric procedure was the same as that 
described for the TiCl, experiments. 

The rate of hydrolysis was quite rapid at first, but 
quickly slowed down; the hydrolysis was not com- 
plete after 144 hrs at 25 °C. We found it necessary 
to raise the calorimeter temperature to 30 °C in 
order to obtain complete hydrolysis within one hour. 
The resulting solutions developed some turbidity 
after standing in air for a few hours. In a few cases 
the solutions were stored in completely filled and 
stoppered amber bottles; in these cases no turbidity 
appeared even after several days. 

The system was calibrated with electrical energy, 
at 25 and at 30°C, using both the initial and final 
solutions in order to obtain ACp for the actual 
calorimetric process. The effective heat capacity 
of the empty calorimeter was determined by sub- 
stituting a known weight of distilled water for the 
calorimetric solution. 

3.3. Heat of Solution of Iodine 
mole 


The iodine samples, approximately 0.005 








each, were sealed into glass bulbs. The calori- 
metric solution was the same as used for TiCl, ex- 
periments, except that only 0.02 mole of iodine was 
used. Because the solution of iodine resulted in a 
relatively small drop in the calorimeter temperature, 
it was possible to calibrate the actual system im- 
mediately prior to the measurement of the heat of 
solution and it was not necessary to duplicate the 
system exactly for replicate experiments. 


3.4. Heat of Dilution of Hydrochloric Acid 


A solution of hydrochloric acid containing 13.5 
moles of water per mole of HCl was prepared. 
Samples of this solution, each containing approxi- 
mately 0.01 mole of HCI, were sealed into glass bulbs. 
The calorimetric solution consisted of 0.10 mole KI, 
0.02 mole I,, 0.40 mole HCI, and 25.195 moles of 
water. Since the increase in the calorimeter tem- 
perature was smell, it was possible to calibrate the 
actual system before each experiment as described 
above. 


4. Data and Calculations 


Values from the 1955 table of International Atomic 
Weights [13] were used in all calculations. Except 
where specified to the contrary, the final temperature 
and pressure were 25 °C and 1 atmosphere. One 
thermochemical calorie is taken as equivalent to 
4.1840 joules. 

The results of the calibration experiments on the 
TiCl, system are given in table 1. His the electrical 


TABLE 1, Results of the calibration experiments on the TiClh 
system 
Experi- E ARe E. 
ment 
j ohm jlohm 

1 1939. 62 0. 090254 21491 
4 1937. 46 . 090022 21522 
3 1936. 64 . 090053 21506 
4 1934. 99 . 090001 21500 
5 1936. 37 . 090235 21459 
6 1931. 84 . O9O000 21465 

Mean 21490 

Standard deviation of the mean. ------ +10 


energy introduced into the system as measured by 
a method described previously [11, 12]. A/c is the 
temperature rise of the calorimetric system as meas- 
ured with a particular platinum resistance ther- 
mometer and bridge, corrected by a method described 
previously [14]. The energy equivalent of the system 
E,, is the ratio of the quantity of electrical energy 
to the resulting rise in temperature: 


= 1D —e 
ARec 


ey 
| 


The results of the experiments on the hydrolysis 
of TiCl, are given in table 2, where Ae is the deviation 
in the energy equivalent of the actual system from 
that of the calibrated system, A/c is the temperature 
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TaBLE 2. Results of the experiments on the hydrolysis of TiCl 


Experi- Ae ARc q TiC], mole —AH(25 °C) 
ment 
j/ohm ohm j kj/mole 
1. 7.9 0. 069850 1501.7 0. 0062711 239. 46 
2 9.7 082721 1778.3 0074704 238. 04 
- 11.0 091447 1966. 2 . 0082202 239. 20 
4 10, 2 085143 1830. 6 0076219 240. 18 
5 12.2 O99699 2143.8 . DO89877 238. 53 
Mean 239. 08 
Standard deviation of the mean +0. 37 


rise of the system, and q is the total energy evolved 
in the actual process. The following relationship 
was used: 
q= (E+ Ae) (AR). 
The data given in table 2 for the hydrolysis of 
TiCl, correspond to the process: 


TiCl, (liq) + [LOKT + 21,+ Hf+40HCI1-+-2533H,O] 


(soln) > 


1OKI+ 21,4+ HI+40HCI+ 2533H,0] 
(soln) ; 


(Ti+ +401 


(1) 
AH(25 °C) = —57.14+0.18 keal/mole. 

The results of the calibration experiments on the 
TiC], system and of the oxidation and hydrolysis 
experiments on TiCl; are given in tables 3 and 4 
respectively. These experiments were conducted at 
30 °C in order to increase the rate of hydrolysis. 
Because of the relatively long period of time required 
for the establishment of thermal equilibrium, we 
failed to adjust the system precisely to a final 
the calibration experiments on the TiC); 


TABLE 3. Results of 





system 
Experi- ° > mano gn 
nari I ARc E, (30 ° C) 
ohm j/ohm 
H . 2282. 25 0. 105484 21636. 0 
2 2420. 74 . 111916 21630. 0 
3 2447. 40 . 113123 21634. 9 
4 2407. 39 . 111278 21634. 0 
5 2406. 49 111193 21642. 5 
Mean 21635. 5 
Standard deviation of the mean +2.0) 
TaBLE 4, Results of the TiCl; oxidation and hydrolysis 
ex periments 
oy Ae ARe q qt TiCl; mole | —AH(30° C) 
j/ohm ohm j j kj/mole 
l 11.5 0. 126488 2738. 09 5. 59 0. 0127267 215. 58 
2 7.8 . 089936 1946. 51 —(). 13 . 0089266 218. 04 
3 &.4 . 095814 2073. 79 -(0), 26 28 217.74 
i &.2 . 095842 2074. 38 —(). 31 . 0095531 217. 11 
5 10.1 . 109841 2377. 57 —0.15 . 0109743 216. 64 
Mean 217. 02 
Standard deviation of the mean +(). 44 





| 
| 





temperature of 30°C.. A correction (q,) for the 
thermal coefficient of the process was made to correct 
all data to this temperature. The data given in 
table 4 correspond to the process: 


TICI,(c) + [10OK1+2.51,+41HCl+2533H,0] (soln) = 
(Tit +4Cl-+10K1+21,+ HI+40HCI+2533H,0] 


(soln) , 


(2) 
AH(30 °C) =—51.87+0.21 keal/mole. 


The value of ACp for the process corresponding to 
eq (2) was determined to be —82 cal/°C mole; 
this gives for eq (2), 

AH (25 °C)=—51.46+0.21 keal/mole. 

The results of the experiments on the heat of 
solution of iodine, given in table 5, correspond to 
the process: 

16 I,(c) + [10KI1+ 21,+41HC1+ 2533H,O] (soln) — 
(lOKT+2.5I,+41HCI+2533H,O] (soln); (3) 
AH (25 °C)=1.101+0.035 keal/mole I). 

The results of the experiments on the dilution ‘of 
hydrochloric acid are given in table 6 and correspond 
to the process: 


[HCI]+13.5H,O] (soln) +[10KI+21,+40HCI 
2519.5H,O] (soln) — 


(10KI+ 21,+41HCI+ 2533H,O] (soln) ; (4) 
AH(25 °C)=— 0.603 + 0.004 keal/mole HCl. 


TABLE 5. Results of the experiments on the solution of iodine 





Experi- E. AH (25 °C) 





manaae —ARc q I> mole 
j/ohm ohm j kj/mole 

1 21231 0. 001051 0. 0050000 | 4. 462 
2 21463 . 000850 . 24 . 0041636 | 4. 381 
3 21438 . 000912 | 5 | . 0044386 | 4. 405 
4_ 21605 . 001088 . 0050785 | 4. 629 
5 21454 . 001149 . 0050579 4. 874 
6. 21468 . 001013 . 0048742 | 4. 462 
a 21574 . 001086 . 0049308 | 4. 752 
a 21535 . 001136 . 0049956 | 4. 896 

Mean - --- orice ul 4. 608 

Standard deviation of the mean_. --. pees +0. 074 


Results of the experiments on the dilution of 
hydrochloric acid 


TABLE 6, 


Experi- 








iY > _ > a Qron 
rag E; ARe q HCl mole | AH (25 ° C) 
jlohm ohm j kj/mole 

] 21622 0. 001109 23. 98 | 0. 0094364 2. 541 

2 21588 . 000972 20. 98 . 0083074 | 2. 525 

3 21441 . 001158 24. 83 . 0099317 | 2. 500 

4. 21425 . 001236 26. 48 . 0104966 2. 523 
Mean... . 2. 522 
Standard deviation of the mean +0. 008 
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The heats of solution of HCl(gas) and of HI (gas) 
have been calculated from available data [15] for the 
following processes: 


HCl (gas) + 13.5H,O (liq) > 
[HCI+-13.5H,O] (soln); (5) 
AH (25 °C) =—16.77+0.01 kcal/mole, 
H1 (gas) + [10KI+21,+40HCI+ 2533H,O] (soln) > 


(1OKT+21,+ HI+40HCI1+2533H,O] (soln); (6) 


AH(25 °C)=—19.51+0.10 keal/mole. 


The heat involved in diluting the KI-I,-HCI solu- 
tion by approximately 0.5 percent has been calculated 
to be negligible within the precision of these experi- 
ments. For simplification of calculations, however, 
the following process has been included: 


13.5H,O (liq) + [10KI+ 21,+40HCl 
+2519.5H,O] (soln) 


>(10K1+-21,+40HCI1-+ 2533H,O] (soln) ; (7) 


AH (25 °C) =0.00+0.01 keal/mole. 
We may subtract eqs (1), (6), and (7) from the sum 


of eqs (2), (3), (4), and (5) to obtain the following 
theoretical process: 


TiCl;(c) + 41.(c) +HCl (gas) 
—TiChk (liq) + HI (gas); (8) 
AH°(25 °C) =8.37 £0.30 keal/mole. 


The change in enthalpy for eq (8) may be combined 
with —22.063+0.002 and 6.20+0.10 keal/mole, the 
standard heats of formation of HCI(gas) and HI (gas) 
[15] respectively, to give: 


TiCl;(c) + $Cl, (gas) ~TiClh (liq) ; (9) 


AH°(25 °C) =—19.89+0.32 keal/mole. 


By taking —192.3+0.7 keal/mole for the heat of 


formation of TiCl,(liq) [16],? we obtain: 


TiCl;(c), AHf°(25 °C) = —172.4+0.8 keal/mole. 

The results obtained from the experiments on the 
direct chlorination gave —19.9+1.3 kcal/mole for 
the process corresponding to eq (9). 

The uncertainties assigned to the values given in 
this paper are over-all uncertainties obtained by 
combining twice the standard deviation ef the mean 
for the calibration and reaction experiments with 
reasonable estimates of all other known sources of 
error. 


2 The heat of vaporization of TiCl,(liq) has been taken as 9.9 +0.2 kcal/mole 
from the calorimetric data of Schaffer, Breil, and Pfeffer [2]. 





| keal/mole for eq 


5. Discussion 


The value obtained in this investigation is es- 
sentially the same as that obtained by Clifton and 
MacWood [1] from measurements of the energies 
evolved when TiCl;(c) and TiCl(liq) were dissolved 
in an aqueous solution of HCl and FeCl. 

Schaffer, Breil, and Pfeffer [2] measured the heat of 
chlorination of TiCl, at 57 °C and obtained —20.3 
keal/mole for the process corresponding to eq (9). 
They also measured the heat of reduction of TiClh 
at 153 °C, with mercury as the reducing agent, and 
obtained —19.8 keal/mole for eq (9). The values 
which they reported for the heat of formation of 
TiCl;, however, were based upon the value calculated 
by Bichowsky and Rossini [17] for the heat of forma- 
tion of T:Cl (liq), which has since been shown to be 
low. If we combine the data obtained by Schaffer, 
Breil, and Pfeffer with —192.3+0.7 keal/mole for 
the heat of formation of TiCl,(liq), we obtain — 172.0 
and —172.5 keal/mole for the heats of formation of 
TiCl,(c) obtained by the chlorination and reduction 
processes, respectively. 

Krieve and Mason [3] studied the equilibrium: 


TiCl,(c) + HCl(gas) = TiCl, (gas) +4H,2(gas), 
and obtained AH = 10.4 kcal/mole. They estimated 
the ACp of the process to be —6 cal/deg mole, used 
Kelley’s value of 9.6 keal/mole [18] for the heat of 
vaporization of TiCl,(liq) [2], and obtained —19.0 
(9). We have corrected their 


| data by the use of 9.9 keal/mole for the heat of 


vaporization of liquid TiCl, [2] and have obtained 
—19.3 keal/mole for the process corresponding to 
eq (9). Combination of this value with —192.3 


_keal/mole for the heat of formation of TiCl, (liq), 


gives —173.0 keal/mole for the heat of formation of 
TiCl,(e). 


Krieve. Vango, and Mason [4] reacted Ti(c), 


| TiCL (ce), and TiCl,(c) with chlorine under pressure 


in a nickel-bomb calorimeter to form TiCl,(liq). 
They obtained —190.0 and —20.9 keal/mole for the 
heats of chlorination of Ti(c) and TiCl;(c), respec- 


| tively, and reported —169.1 keal/mole for the heat 


of formation of TiCl,(c). If we take their value 
for the heat of chlorination of TiCl,(c) and use our 
value for the heat of formation of TiCl,(liq), we 
obtain —171.4 keal/mole for the heat of formation of 
TiCl,(e). 

Skianer and Ruehrwein [5] measured the heats of 
solution of Ti(c) and TiCl;(¢) in aqueous hydrofluroic 
acid. They obtained —170.0 kcal/mole for the heat 
of formation of TiC],(c). 

Altman, Farber, and Mason [6] have reported 
values of — 169.4 and —171.0 keal/mole for the heat 
of formation of TiCl;(c), based upon disproportiona- 


tion and sublimation studies by Farber and Darnell 


| 


| investigators is given in table 7. 


(19, 20]. 

A summary of the results obtained by the various 
An examination 
of the results in this table indicates substantial 
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agreement on the difference between the heats of 
formation of TiCl,;(c) and TiCl,(liq). 


TaBLE 7. Heat of formation of TiC]; reported by the various 
investigators, kcal/mole at 25 °C 
AH frici,(s) ~AHf TiC, (ig) — AHfTici,(e) Reference 
19.9 172.4 1 
20. 3 172.0 2 
19.8 172. 5 2 
19.3 173.0 3 
20.9 169. 1 4 
171.4 4 
170.0 5 
169. 4 6 
171.0 6 
19. 9+0.3 172. 4+0.8 This investigation. 
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Heat of Formation of Decaborane 
Walter H. Johnson, Marthada V. Kilday, and Edward J. Prosen 
(August 8, 1960) 


The heat of formation of crystalline decaborane has been determined by calorimetric 
measurement of the heat of decomposition: 


ByoHi4(c) > 10B(am) + 7H2(g), 
AH (25 °C) =82.8+5.9 kj/mole, (19.8+1.4 keal/mole). 


With the heat of transition of crystalline to amorphous boron taken as 0.40 kcal/mole, we 
obtain for the heat of formation of decaborane: 


AH f 28.15 — 66.1 kj/mole, (—15.8 keal/mole). 


1. Introduction bustion of decaborane. The heat of formation of 
decaborane [2] was taken as 8 kcal/mole, calculated 

Combustion methods afford a convenient and from his results. _ ; ' 
precise method for determination of the heats of The decomposition of crystalline decaborane into 
formation of a large number of compounds. In the | amorphous boron and gaseous hydrogen proved to 
case of decaborane, however, preliminary measure- | be the best method for calorimetric determination of 
ments of the heat of combustion of decaborane have | the heat of formation. The results of this investi- 
been found to be very unreliable. Combustion ex- gation are presented here. 
periments in an oxygen bomb failed to yield results 
of the required precision; the sample detonated in 
practically all cases and the combustion products 
included varying amounts of elemental boron and The decaborané wee cbbiee’: teen dhe 
higher boron hydrides. | ‘There was also some uncer- | Plectrie Research Laboratory through the courtesy 
tainty in the amount of dissolved boric acid and the | o¢ 4 Newkirk and A.L. Marshall. It was prepared 
possibility of the presence of boron oxides. In gen- | hy the pyrolysis of diborane and purified by several 
eral, the experiments were performed with the deca- | ¥¢uum sublimations, the last two of which produced 
borane sample in the form of a pellet. In some | jaterials with no measurable difference in melting 
cases, in which the sample was burned in the form point. Prior to this investigation it was further 
of loose crystals or of crystals intermixed with quartz purified by two successive vacuum sublimations and 
fibers, the combustion residue also included deca- | stored in ‘a desiccator over magnesium perchlorate. 
borane. In other experiments a solution of deca- A mass spectrometric analysis of the helium? used 
borane in toluene was burned; the resulting quantity | showed it to contain less than 0.01 volume percent 
of carbon dioxide, however, indicated the formation | of sir- the helium was further treated as described 
either of elemental carbon or of boron carbide. in the next section of this paper. 

The quantity of boric acid found in the water- 
soluble portion of the combustion products varied 
from 75 to 95 percent of the theoretical amount cal- 
culated from the mass of sample. The resulting heat 
of combustion of decaborane (to crystalline boric The isothermal jacket calorimeter has been de- 
oxide and liquid water) was —2004 kcal/mole. A | scribed previously [8]. The calorimetric system 
reasonable estimate of the probable error in the heat | consisted of the nickel-plated copper calorimeter can 
of combustion of decaborane, as determined by the | and cover into which was placed a weighed quantity 
oxygen bomb process, is about 1 percent. In view | of water, the calorimetric reaction vessel, and the 
of this information, it is obvious that the heat of | platinum resistance thermometer. The apparatus for 
formation calculated from the heat of combustion is | measuring calorimeter temperatures and electrical 
subject to a relatively large uncertainty. energy have been described previously [3, 4, 5]. 

Liebhafsky [1]! also determined the heat of com- 


2. Source and Purity of Materials 





3. Apparatus 








2 This analysis was performed by V. H. Dibeler of the Mass Spectrometry 
Section of the Atomic and Radiation Physics Division. 








1 Figures in brackets indicate the literature references at the end of this paper. 
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A diagram of the calorimetric decomposition vessel 
is given in figure 1. The vessel consisted of a quartz | 
tube, wound with a 183-ohm nichrome heating coil, 
surrounded with a silver radiation shield, and a 
vacuum jacket. The decaborane sample was placed 
in the Vycor crucible at the lower end of the quartz 
tube. Helium entered at the top through a coarse | 
capillary immediately above the vessel, flowed around 
the crucible and out through the glass helix. <A 
nichrome wire attached to the crucible was led out 
of the vessel through the inlet tube and fastened to 
a circularly ground stopcock in the helium line. 
By turning the stopcock, the crucible could be raised 
without interrupting the flow of helium or permitting | 
air to enter the vessel. An aluminum cover (not 
shown in the diagram) which fitted over the top of 
the vessel served to prevent loss of energy by radi- 
ation through the opening in the calorimeter can 
cover. 

A diagram of the gas train is shown in figure 2. 
The helium was purified by passing it successively 
over titanium, copper, and copper oxide in a Vycor 
tube which was heated to 600 °C and through 
absorbers containing Ascarite, anhydrous magnesium 
perchlorate, and phosphorus pentoxide. The exit 
gases were passed successively through a capillary 
flowmeter, a trap cooled with liquid nitrogen, a 
Vycor tube containing copper oxide at 600 °C, two 
water-absorption tubes, each containing magnesium Ficure 1. Decomposition vessel. 









































HELIUM — 


5 






















































CALORIMETER | 











Figure 2. Gas train used in decomposition of decaborane. 
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perchlorate and phosphorus pentoxide, and a re- 
cording gas-volume meter. 

The capillary flowmeter served for the approxi- 
mate adjustment of the rate of flow of helium and 
also to indicate the rate of the decomposition process. 
The cold trap was included to collect any traces 
of volatile boron hydrides. The hydrogen evolved 
in the decomposition was burned to water in the 
copper-oxide heater and carried, as vapor, into the 
weighed absorption tube by the stream of dry helium. 
The portion of the water which collected as liquid 
in the bulb below the heater was evaporated by 
warming the bulb slightly. The second absorption 
tube served only to protect the first from moisture 
in the atmosphere. The total quantity of helium 
was measured by means of the recording gas-volume 
meter at the exit end of the gas train. The approxi- 
mate temperature of the helium which entered the 
system during the experiment was measured by 
means of a thermometer placed in contact with the 
inlet tube of the decomposition vessel. 


4. Procedure 


The decaborane sample was placed in the weighed 
Vycor crucible and melted by heating with care in 
a helium atmosphere. When cool, the crucible plus 
sample was weighed, transferred to the decompo- 
sition vessel, and the vessel assembled. The vessel 
was placed in the calorimeter can, which contained 
5,653 g water at 25.0 °C. The calorimeter assembly 
was lowered into the water bath, the temperature 
of which was adjusted to 27.0 °C and maintained 
constant to +0.001 °C. 

Air was removed from the vessel by evacuation 
and by flushing with helium. Thermal equilibrium 
was established after about 20 minutes; the helium 
was then directed to by-pass the decomposition 
vessel and temperatures were observed at 2-minute 
intervals during a 20-minute initial rating period. 
Helium was then directed through the vessel and 
recording gas-volume meter, and an electric current 
was passed through the heating coil. About 6 
minutes were required for the quartz tube to attain 
the decomposition temperature of about 650 °C. 
The crucible was then raised very slowly by turning 
the circularly ground stopeock until hydrogen began 
to be evolved as indicated by the increase in the 
reading on the capillary flowmeter. When the evo- 
lution subsided the crucible was again raised slightly ; 
this process was continued until the crucible was 
located completely within the heated zone of the de- 
composition vessel. A period of about 6 minutes 
was required for elevation of the crucible and an ad- 
ditional period of 6 to 8 minutes was allowed for 
completion of the decomposition process. The 
heating current was then interrupted and the flow 
of helium through the vessel was continued for an 
additional 40 minutes to re-establish thermal 
equilibrium. 

Measurements of the current through the heating 
coil and the potential drop across the coil were made 
alternately at 1-minute intervals during the heating 





period. Calorimeter temperatures were observed at 
l-minute intervals during the entire 1-hour “reac- 
tion” period. The helium flow was then directed to 
by-pass the decomposition vessel and the recording 
gas-volume meter, and calorimeter temperatures 
were observed at 2-minute intervals during a final 
20-minute rating period. 

After the experiment the decomposition vessel 
was removed from the calorimeter and disassembled. 
Although most of the boron remained in the crucible, 
a significant amount was transported to the walls of 
the vessel. It was necessary to place a plug of glass 
wool in the helix in order to prevent some of the 
boron from being carried out of the calorimeter by 
the helium and hydrogen. Some small crystals of 
decaborane, apparently formed by sublimation, were 
found in the upper part of the vessel. These usually 
became dislodged and fell into the crucible during 
removal of the crucible from the vessel. It was 
therefore not possible to collect, quantitatively, all 
of the boron produced in the decomposition. 

The quantity of decaborane decomposed was cal- 
culated from the weight of hydrogen, as water, pro- 
duced by the process. ‘The accuracy of this deter- 
mination was checked by dissolving a weighed quan- 
tity of zinc in dilute sulfuric acid while a slow stream 
of helium was bubbled through the solution and 
directed through the gas train. The water vaporized 
from the solution was retained in the cold trap; the 
mass of water produced by burning the hydrogen 
agreed within 0.2 percent with the theoretical 
quantity calculated from the mass of zine. 

There was usually a small quantity of nonvolatile 
brownish material remaining at the top of the 
crucible which was assumed to consist of higher 
boron hydrides. The analysis of this material was 
complicated by contamination with decaborane as 
described above. An attempt was made to remove 
the decaborane by placing the residue in a tantalum 
boat and heating slowly to 300 °C in a stream of 
helium. The material which remained was weighed 
and then heated to 800 °C for 1 hour in vacuum. 
The loss in weight resulting from this treatment may 
be assumed to be due to removal of hydrogen from 
the residue. The amount of hydrogen remaining in 
the residue was indicated by this procedure to be 
approximately 0.2 percent by weight which corre- 
sponds to slightly less than 2 percent of the total 
hydrogen in the original material. 

The energy equivalent of the calorimeter was de- 
termined in a separate series of experiments which 
were performed in the same manner as the decom- 
position experiments. In each case the calorimeter 
system was made to be nearly identical with that 
used in the decomposition experiments except that 
the decaborane sample was not present. 


5. Results and Calculations 


The molecular weights of boron, hydrogen, and 
water have been taken as 10.82, 2.016, and 18.016 
g/mole, respectively. The following mean _ heat 


5 


523 








‘apacities in j/° C mole for the range of 25 to 27 °C 
were used: 


He(gas) 20.8 [2] 
H, (gas) 28.8 [2] 
ByHy(c) 219.7 [6] 
B(amorph) Lied [7]. 


The results of the electrical calibration experi- 
ments are given in table 1, where ARc is the corrected 
temperature rise [4, 8, 9], EL is the quantity of 
electrical energy introduced, que is a correction 
applied to convert the temperatures of the inlet and 
exit helium to 25 °C, and &, is the heat capacity of 
the standard calorimetric system obtained by the 
relationship: 


E+ Qe __ E 


ARe 


TaBLE 1. Results of the electrical calibration experiments 


Experi- ARc E que E, 
ment 
ohm j j j/ohm 
1 0. 183984 37350. 3 1.0 203014 
2 . 161826 32848, 2 2.8 203002 
3 . 169897 34488. 3 2.0 203115 
4 . 188565 38301. 9 2.6 203137 
5 . 235845 47888. 1 3.5 203064 
6 . 256337 52016. 6 3.1 202923 
SS 203042 
Standard deviation of the mean +32. 4 


The results of the decaborane decomposition 
YY TY » > are ive j able 2 The $ ities 
experiments are given in table 2. 1e quantities 
que, 7H,, YB; and 7B oH), 2Fe the corrections required 
to convert the actual decomposition process to the 
isothermal process at 25 °C. The change in enthalpy 
corresponding to the decomposition process was 
determined for each experiment by the relationship: 


7 , ‘ : o/h 
- E+ quet+ du, Yat QB, oH,4—Ah c(E,) 
AH (25 °C) =—— — . 
mole B,,.Hi,4 
Table 2. Results of the By Hy decomposition experiments 
Exper- ARc E He | 9H, qB QB oH,, Moles AH (25 °C 
iment : ‘ Biol ys 
ohm j j j j j kj/mole 
1 | 0.178111 36330.0 | 2.9 |—0.1 |—0.4 —0.5 | 0.0018321 91. 64 
2 180650 36806.8 | 1.8 .0| —.4 —.5 . 0016701 76. 76 
3 . 178745 36422.6 | 2.2 0; -—.3 —.5 . 0016462 79. 76 
4 . 176884 pease. 9 12:2) —.1 | —.3 —.4 OO16111 68. 52 
5 . 215651 43948.5 | 3.6 | —.2 —.4 —.4 . 0017796 92. 66 
6 . 236409 48154.4 | 2.8) —.3 | —.3 —.4 . 0016620 93. 38 
7 . 213561 43512.3 | 1.6 —.2|-—.4 —.5 . 0017852 84. 53 
8 . 238218 48406.6 | 2.7 | —.3 | —.4 —.4 . 0017660 73. 56 
9 . 221232 >| 45046.1 | 3.5 | —.2 | —.3 —.4 0016111 84.79 
Mean ‘ : 82. 84 
Standard Deviation of the mean. _- | +2. 96 





® There is a correction of —33.0 j/ohm in the energy equivalent of the calorim- 
eter system used for this experiment. 


| 
| AHe°(25 °C) 


| For conversion to the conventional thermochemical 

calorie, 1 calorie has been taken as equivalent to 
4.1840 joules. The mean of the values given for 
AH in table 2 corresponds to the process: 


BioHis4(c) +1 0B (amorph) +-7H,(g) 
AH(25 °C)=82.8+5.9 kj/mole, 
=19.8+1.4 keal/mole. 


With the value 0.40 kcal/mole taken for the heat 
of transition of crystalline to amorphous boron [2], 
there is obtained for the heat of formation of deca- 
borane: 


AHf °(25 °C) =—66.1 kj/mole, 


—15.8 keal/mole. 


The heat of the transition from amorphous boron to 
the stable crystalline form has not been determined. 
Some preliminary measurements in this laboratory 
have indicated that it issmall. The enthalpy change 
for the process: 


B(c)—>B(amorph), 


has been estimated to be 0.40 keal/mole [1]. No 
uncertainty has been assigned to this arbitrary value. 

There is also some ambiguity in regard to the 
thermodynamic state of the amorphous boron 
obtained from the decomposition of the hydride. 
Several types of amorphous boron may exist. In 
addition, the effect of the particle size is not known. 
The decomposition of the hydride, however, is 
believed to be a step-wise process and the nature of 
the resulting amorphous product, obtained at a given 
temperature, is expected to be independent of the 
| boron-hydrogen ratio of the initial hydride. 

The heat of formation of decaborane may be com- 
bined with the heats of formation of boric oxide [3] 
and water [2] to obtain the heat of combustion: 








BioHi4(c) +11 O.(g)-—>5B,03(c) +7H,O (liq), 


—1989.1+4.0 keal/mole. 


| The uncertainties assigned to the values given in 


this paper have been taken as twice the standard 
deviation of the means of the calibration and decom- 
position experiments, combined with reasonable 
estimates of all other known sources of error. 


6. Discussion 


The heats of formation of diborane and penta- 
borane were determined in a similar manner by 
measurement of the heats of decomposition of the 
vapors [10]. In each of these cases the decomposi- 
tion process was accompanied by the evolution of 
energy; in the case of decaborane, however, the 
process involves the absorption of energy. In every 
case the quantity of material decomposed was deter- 
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mined by measurement of the amount of hydrogen 
evolved. This method has the advantage of limiting 
the error introduced by incomplete decomposition to 
the difference between the mean energies of the 
broken and unbroken boron-hydrogen bonds multi- 
plied by the fraction of unbroken bonds. 

There is a possibility that some of the hydrogen 
mav remain adsorbed on the amorphous boron at the 
decomposition temperature, but this quantity is 
believed to be small. Samples of amorphous boron 
produced by pyrolysis of diborane at 600 °C were 
heated to 850 °C in vacuum with no significant loss 
of weight. 

Simons, Balis, and Liebhafsky [11] made an 
elemental analysis by heating decaborane in sealed 
palladium tubes to 900 °C in vacuum and were 
able to remove 99.99 percent of the available hydro- 
gen. In view of these data it appears that any 
error introduced by incomplete decomposition or 
by adsorption of hydrogen on the amorphous boron 
residue is small in comparison with the uncertainty 
assigned to the experimental values. 
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Ultra Low-Conductivity Water by Electrophoretic 
Ion Exclusion 


Wolfgang Haller and H. C. Duecker 


(July 11, 


1960) 


Ultra low-conductivity water has been prepared by recirculating it through an electric 


field of 1,000 volts/centimeter maintained between two ion selective membranes. 


It was 


possible to obtain consistently water with an electrical conductivity below the lowest values 


reported in the literature. The lowest 
0.039 > 


of the minimum previously reported. 


conductivity 
10-§ ohm~! em~! at 18 °C, indicating an ionic impurity content of only one third 
This corresponds to the conductivity of a sodium 


value which could be reached was 


chloride solution at a concentration of 0.0010 parts per million. 


1. Introduction 


In the course of a kinetic diffusion study the 
authors were faced with the problem of preparing 
and maintaining ultra low-conductivity water which 
was to be circulated across the surface of a solid 
from which very small amounts of an ionic substance 
were released. It was considered important to 
remove continuously the incoming ions and to record 
simultaneously their flux. The method developed 
for this purpose was found to maintain the water 
at an extremely low conductivity level. In view of 
the fundamental importance of the properties of 
purest water to the physical sciences and because 
the method exceeds certain previous practical limits 
in the purification of water, this account of the 
method applied and the results obtained is given. 

Ultra low-conductivity water has been prepared 
by distillation, ion exchange, and electrodialysis. 
The lowest conductivity water reported in the 
literature was obtained by Kohlrausch and Heyd- 
weiller [1] | after 36 consecutive vacuum distillations. 
The present authors chose a modified electrophoretic 
procedure as such a method served best the dual 
functions of ion removal and ion detection as 
required for the diffusion study. This paper, 
however, deals strictly with the purification function 
so that the detection function enters the discussion 
only to the extent that it appears necessary in 
describing the performance of the apparatus. 

Electrophoretic water purification methods have 
in the past been used largely for processing of brine 
to obtain water of potable quality [2 through 6], an 
application where its use is rather a matter of cost 
than of ultimate purity. The general method of 
electrophoretically purifying an ion-containing liquid 
consists of subjecting it to an electrical field in which 
the cations and anions move toward their respective 
electrodes and recovering a portion of the liquid 
which has been depleted of ionic impurities. The 
isolation of the ion-depleted liquid is very difficult 
so that it has become the practice to introduce 


! Figures in brackets indicate the literature references at the end of this paper. 





| flow-channeling diaphragms. Such diaphragms can 
| be simple porous separators [7], natural organic 
membranes [8], or synthetic membranes of preferred 
anionic or cationic permeability [9, 10, 11]. Because 
of the use of such membranes, electrophoretic 
purification procedures have been generally called 
electrodialysis, even in cases where the ion dis- 
criminating function of the membranes is not 
necessarily a fundamental feature of the purification 
mechanism. 


2. Method and Materials 


The basic features of the purification apparatus 
used in this study are illustrated in figure 1. A 
platinum impeller pump (A) circulates water through 
a closed loop consisting of a heat exchanger (B), the 
center compartment of the purification cell (C), the 
conductivity cell (D), and thermometer well (E). 
The impeller pump produc es a head, or level differ- 
ence, in the loop which is indicated by (Z) in the 
drawing. The center compartment of the purifica- 
tion cell is separated from the side cells by a cation 
permeable membrane (F) and an anion-permeable 
membrane (G). Electrodes (H, I) supply a d-c 
voltage to the electrolyte solutions contained in the 
side compartment of the purification cell. The 

sathode compartment (J) is filled with 0.05 N 
ammonium hydroxide and the anode compartment 
(K) is filled with 0.02 N sulfuric acid. The anodal 
and cathodal electrolytes are circulated through 
separate closed loops by means of a peristaltic action 
pump (LL). The most important purpose of cir- 
culating the electrodal liquids 1 is homogenization of 
the electrolyte concentration in the side compart- 
ments of the purification cell. Under the influence of 
the electric field anionic and cationic impurities 
migrate from the water in the center cell through the 
respective membranes, thus depleting the water in 
the center cell of ionic impurities. The regions of the 
electrolyte solutions next to the membranes tend to 
become reduced in their concentration of sulfate and 
ammonium ions. This tendency, if not counter- 
acted by rapid circulation, would lead to regional 
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Fiaure 1. Schematic of water purification apparatus. 


A, Impeller pump; B, heat exchanger; C, center compartment; D, conductivity 
cell; E, thermometer well; F, cation permeable membrane; G, anion permeable 
membrane; H, cathode; I, anode; J, cathode compartment; K, anode compart- 
ment; L, peristaltic pump; M, cathodal reservoir; N, anodal reservoir; O, heat 
exchanger; P, heat exchanger; Q,R, drainage stopcocks; 8,T,U, breathing tubes; 
V, glass bearing; W, cup; Z, head produced by pump. 


increases in the electrical resistance within the side 
cells, reducing the effective voltage gradient across 
the center cell. The rapid flow of the electrolyte 
past the platinum electrodes reduces gas polarization 
of the electrodes by carrying the gas bubbles into 
the reservoirs (M, N) where they are allowed to 
escape. The temperature of the electrodal liquids 
‘an be controlled by means of the heat exchangers 
(O, P). 

The main body of the apparatus in contact with the 
liquids is constructed of borosilicate glass (Pyrex 
7740) except the Teflon stopcocks of the drainage 
ralves (Q, R). Tubing connections in the electrodal 
circuits and the flexible tubing sections through the 
peristaltic pump are made from plasticized polyvinyl! 








' 


resin (Tygon R-3603). Breathing tubes filled with 
silica gel and Ascarite (S, T, U) protect the system 
from the carbon dioxide of the atmosphere. 

The water is circulated through the purification 
cell by means of a motor driven platinum impeller 
pump. The shaft of the impeller pump enters the 
system through a precision-bore ground glass bearing 
(V) which is lubricated with a medium-viscosity 
petroleum grease. A glass cup (W) sealed to the 
pump shaft prevents excess lubricant trom being 
splattered into the circulating water. 

An exploded view of the electrophoretic cell is 
given in figure 2. In operation, the two side cells 
(A, B) are pressed against the center cell (C), thus 
holding the two strips of ion selective membrane 
(D, E) in place. The side cells and the center cell 
are machined from high-density polyethylene sheet. 
The ion selective membranes are Nalfilm-1 and 
Nalfilm-2 (manufactured by National Aluminate 
Corp.). By application of sufficient pressure by 
means of a clamping device (not shown in the figure), 
the system is maintained leak-free without gaskets 
or sealant. The water enters and leaves the center 
cell through the nipples F and G respectively. The 
anodal liquid enters the side cell B through nipple 
H and leaves through I. Similarly the cathodal 
liquid enters and leaves the side cell A through 
nipples not visible in the drawing. The center com- 
partment of the electrophoretic cell measures 0.3 
em from membrane to membrane, has a width of 
0.6 em and a length of 30.0 em. 

The electrophoretic cell is operated from a voltage 
stabilized d-c power supply capable of delivering up 
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Exploded view of electrophoretic cell. 


C 


FIGURE 2. 


A, Cathodal side cell; B, anodal side cell; C, center cell; D, cation permeable 
membrane; E, anion permeable membrane; F,G, connections to center cell; HL, 
connections to side cell. 
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to 200 ma between 0 and 1500 v. The cell current 
and voltage are measured with conventional instru- 
ments. Inasmuch as the resistance through the side 
cells is very much lower than that through the water 
in the center cell, the voltage drop across the center 
cell is almost identical to that across the electrodes. 
With the cell geometry and power supply described 
above, a voltage gradient of up to 5,000 v/em can be 
produced. 


3. Procedure and Performance 


The cell constant of the conductivity cell was 
determined with 0.01 N potassium chloride solution 
at 18 and 25 °C using the method described by 
Daniels [12] and the conductivity values of Jones and 
Bradshaw [13]. The resistance measurements for the 
cell calibration were made with a calibrated a-e 
resistance bridge (General Radio type 650—A) 
capable of being read to within 0.3 percent. The 
cell constant was found to be 0.368 em! with an 
error of +0.5 percent. 

The resistance of the water in the conductivity 
cell was measured with a calibrated d-c megohm 
resistance bridge (General Radio type 544-BS8) 
since the polarization effects were found to be 
negligible. The thermometer above the conductiv- 
ity cell was calibrated by comparison with a certified 
standard thermometer. The deviation of the tem- 
perature of the water between the electrodes of the 
conductivity cell and the temperature indicated on 
the thermometer was investigated by circulating 
water of constant and high purity through the system 
while lowering and raising the temperature of the 
water. ‘Temperature readings were taken at the 
moment of bridge balance at unaltered bridge set- 
tings by approaching the resistance from both above 
and below. The maximum temperature deviation 
observed for identical conductivities at the rates of 
temperature change employed in the experiments 
was always smaller than 0.15 °C, and at room tem- 
perature was only 0.05 °C. The maximum con- 
ductivity error introduced by the temperature 
measurement was calculated to be +0.5 percent. 

A number of precautions were taken to prevent 
the contamination of the water with organic sub- 
stances and to reduce the influx of ions from the 
surface of the glass. Among these precautions were: 
(1) Before operating the purification apparatus, the 
glass parts were steamed for over 200 hr in such a 
way that the steam condensed on the inner surface 
of the equipment and washed away ions extracted 
from the glass; (2) the ion-permeable membranes 
were converted into the acid and hydroxyl forms, 
respectively, and soaked in successive portions of 
distilled water over a period of days to remove 
water-soluble residues; (3) the apparatus was oper- 
ated several days in advance of an experiment with 
successive portions of organic-free distilled water to 
remove further traces of impurities in the apparatus. 

During the purification of distilled water, the 
electrical conductivity, k, of the water in the con- 
ductivity cell was found to decrease with time, ¢, 





according to a power function, k==at’+c¢, in which 
the value of the constant 6 depends on the operational 
parameters, such as the temperature, the type of 
contamination in the water, the voltage drop across 
the membranes, and the flow rates of the water and 
of the electrolyte. A plot of conductivity versus 
time in a typical experiment is shown in figure 3, 
the value of 6 in this case being —0.75. The values 
of 6 in other experiments were between —0.5 and 
—0.8. Upon approaching the terminal conductivity, 
the curve deviates from the power function and 
approaches a limiting, finite value. 
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FiaureE 3. Progress of water purification. 

The current consumption of the purification cell 
depends on the conductivity of the circulated water. 
Upon introduction of water with a conductivity of 
about 6107° ohm! cm”, the current through 
the purification cell assumes within a few seconds a 
value of about 20 ma at 1,000 v. When the terminal 
conductivity is reached, the current consumption at 
18° is approximately 2.2 ma at 1,000 v and obeys 
Ohm’s law within 1 percent over the voltage range 
available. From the dimensions of the purification 
cell, and the electrical resistance of the cell at the 
terminal conductivity, a specific conductance of the 
water in the purification cell can be calculated. The 
average of the conductivities calculated in this 
manner from 20 experiments is tabulated in column 
(a) of table 1. Although the cell constant of the 
purification cell cannot be very accurately deter- 
mined, it appears that the water leaving the purifi- 
cation cell is purer than in the conductivity cell. 





TABLE 1. Terminal experimental conductivities 
| Specifie conductivity in 10-6 ohm-! em-! 
Tempera- | 
tures (a) (b) 
Purification cell Conductivity 
cell 
| min values 
a SY av} std dev | obse:ved 
15.0+0. 1 (0). 0330 
18.0+ .1 0). 038 0. 0906 . 0390 
20.0+ .1 . 0440 
25.0+ .05 . 057 -0010 | . 0589 
30.04 .1 “ - .0775 
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4. Results and Discussion | equivalent conductivities of the H* and OH> jong 
given by Robinson and Stokes [23]. 
Using the precautions outlined earlier it takes Kohlrausch and Heydweiller [1] obtained their 
approximately 1 hr to approach a terminal conduc- | water after 36 consecutive distillations in a vacuum 
tivity after filling the apparatus with a good grade | and measured its conductivity in a fused silica cel] 
of distilled water. The terminal conductivity of the | which had been exposed to water for 10 yr. (Attempts 
most successful of 20 experiments is tabulated in | by Nernst to reproduce this value were unsuccessful 
column (b) of table 1. Each value is subject to an | [24]). Kunin and McGarvey [20] report on water 
estimated error of +1 percent. Prolonged operation | from a monobed ion exchange column although the 
of the apparatus over extended periods will not yield | temperature is not given. Those workers who used 
a water of higher purity than obtained after about | distillation methods incorporated one or more of the 
2 hrs. following modifications: (1) Distillation from an al- 
The conductivities of ultra low-conductivity water | kaline permanganate solution, (2) purging the solu- 
reported by various researchers are given in table 2. | tion and/or the distillate in the column with an inert 
For a better comparison the concentration of a solu- | gas to remove carbon dioxide, (3) use of materials of 
tion of sodium chloride is calculated which would | construction such as tin or organic substances to 
possess a specific conductivity corresponding to the | reduce mineral content. 
reported values. These equivalent concentrations The apparatus described by the present authors 
are given in table 2. The values are calculated using | affords a method to produce water of lower ionic 
a theoretical conductivity of pure water equal to | content than any previously reported in the literature. 
0.0371 <10-® ohm-! em7! at 18° and 0.0549 10-° | It is expected to be particularly applicable where it 
ohm ~'em~'at 25°. These values are calculated using | is desired to conduct experiments with small quanti- 
the recent tabulations of the ionization constant and | ties (10 to 50 ml) of extremely ion-free water. 





| 
| 
| 


TABLE 2. Data on ultra low-conductivity water, ubtained by various workers 


Conductivity in Concentr. of a sodium 
Worker 10-* ohm! em-! Temperature chloride solutionin ppm | Method of purification 
with same conductivity 


Oo” | 
a ; 
This work. _- Se ee . rr . . ae |} Electrophoresis, 
% 3 : 

Kohlrausch and Heydweiller [1] : 1 ony mf ane oes || Distillation. 
Bengough, Stuart, and Lee [14]__--- . 045 18_ : . 0043 | Do. 
Kraus and Dexter [15]____. _- ; . 048 18_ : . 0059 Do. 
ey eee 0. 053 to 0.066 | 18 , 0. 0086 to 0. 0156 Do. 
Bencowitz and Hotchkiss [17] a . 06 to . 07 | Not given Saeern ee Do. 
Thiessen and Herrmann [18] . 065 to . 080 25 . 0046 to . 0118 | Do. 
Kunin and McGarvey [19]- ; ; 0. 07 Not given ty ife A ______| Ion exchange. 
Gostkowski [20] _ - aye ; a O7 0) i 0. 0280 | Distillation. 
iC Sf . O81 Not given ee el Do. 
Bourdillon [22]_ _- ef . O86 18_ : . 0260 | Do. 

. 0371 | a _ . 0000 | 
Pure water (theoretical) ._____._~ . 0549 | 25. . 0000 | 

. O111 0_ . OOOO | 





[13] G. Jones and B. C. Bradshaw, J. Am. Chem. Soc. 55, 
1780-1800 (1933). 

[14] G. D. Bengough, J. M. Stuart and A. R. Lee, J. Chem. 
Soc. 1927, 2156-2161. 

[15] C. A. Kraus and W. B. Dexter, J. Am. Chem. Soc. 44, 
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Spectrophotometric Determination of the Ionization Con- 
stant of Dimethylpicric Acid (2,4,6-Trinitro-3,5-xylenol) 


in Water at 25 °C 


Marion Maclean Davis, Maya Paabo, and Robert A. Robinson! 


(August 8, 1960) 


The ionization constant of dimethylpicric acid (2,4,6-trinitro-3,5-xylenol) in water at 


25 °C has been determined by a spectrophotometric method. 
Potentiometric titrations, although less precise, yielded a pK value of the 


was obtained. 
same magnitude. 


1. Introduction 


Moore and Peck [1]? determined the pK of di- 
methylpicric acid by potentiometric titration, and 
reported the value 3.3. On the assumption that the 
effects of substituents on the ionization constant of 
phenol are additive, data on the ionization constants 
of phenol and its monosubstituted derivatives [2, 3] 
can be used to calculate 1.76 as an approximate pK 
value for dimethylpicric acid. Alternatively, data 
for 2,6-dinitrophenol [4], p-nitrophenol, and = 3,5- 
xylenol [5] can be combined to give another estimate, 
1.05. Combining data for 2,6-dinitrophenol and 
4-nitro-3,5-xvlenol [6] yields the estimate 1.96, 
whereas utilizing data for 2,4-dinitrophenol [7], 
o-nitrophenol, and 3,5-xylenol leads to the value 
1.50. These four estimates, even though not in 
close agreement, suggest that dimethylpicric acid 
may be too strong for a reliable application of the 
method previously used for estimating pK [1]. Re- 
determination of its pK by a different method is 
therefore desirable. 

This paper describes the determination of pK for 
en acid by a spectrophotometric pro- 
cedure. 


2. Experimental Procedure 


2.1. Dimethylpicric Acid 


Dimethylpicrie acid  (2,4,6-trinitro-3,5-xylenol) 
was prepared by nitrating 3,5-xylenol [1]. After 
isolation by conventional procedures, the product 
was finally recrystallized from cyclohexane and dried 
at 90 °C; mp 106.4 to 106.8 °C.% Potentiometric 
Weight-titrations indicated a purity of not less than 
99.9 percent. 


0 


| Consultant to the Chemistry Division. Present address: University of New 
England, Armidale, New South Wales, Australia. 
2 Figures in brackets indicate the literature references at the end of this paper. 
* The mp reported in [1] was 106.5 °C (uncor.). 





The pK value 1.38 (K ~0.042) 


2.2. Determination of pK Value by Spectrophotometry 
The pK value was calculated from the equation 
pK= —log[H*]—2 log y. —log [(D—D,)/(D2—D)], (1) 


in which [H*] signifies the total hydrogen ion concen- 
tration in moles per liter, yz is taken as the mean ac- 
tivity coefficient of aqueous hydrochloric acid of equiv- 
alent molarity,’ and the symbols D;, D2, and D denote 
the spectral absorbances (optical densities) of solu- 
tions containing the same total molar concentration of 
dimethylpicric acid present as nonionized molecules, 
ionized molecules, or mixtures of the two, respec- 
tively. Dimethylpicric acid is so nearly completely 
ionized in water at the concentration used (5.004 
< 107° M) in determining D, and D, values that addi- 
tion of sodium hydroxide (pH ~12) did not measur- 
ably alter the absorption curve. In determining D, 
values, the dimethylpicric acid was dissolved in 
~2.2-M hydrochloric acid. The measurements of 
D values were made with solutions containing 
1.25010-* M dimethylpicric acid together with 
hydrochloric acid in concentrations varying from 


~0.01-M to ~0.1-M. The absorbances were 
obtained with a Beckman Model DU _ quartz 


spectrophotometer. 
3. Results and Discussion 


3.1. Spectrophotometric Determination of pK 


Absorption curves for dimethylpicrie acid in 
alkaline and acidic solutions are presented in figure 1. 
In measuring the absorption of dimethylpicric acid 
in hydrochloric acid solutions which varied from 1—M 
to 6—M in concentration, it was observed that with 
increasing concentrations of hydrochloric acid the 
absorption in the region from about 380 my to about 
420 mu gradually decreased to constant values. At 


4 Values of y+ were interpolated from a graph of the mean activity coefficient 
of hydrochloric acid at 25 ° versus its molality (see [8], table 11-4-1A, p. 547). 
Harned and Ehler’s function derived for 1:1 electrolytes in water was used to 
convert molarities of acid to the corresponding molalities (see table 12-1-1A of [8]). 
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FIGURE 1. Spectral absorption curves of dimethylpicric acid 


(2,4,6-trinitro-3,5-xylenol) in aqueous acid (approx. 2.2-M 
HCl and approx. 6—M HCl) and in aqueous alkali (NaOH, 
pH =12). 

The curve for the solution containing 2.2-M HC] is believed to approximate 
closely the spectral absorption of nonionized dimethylpicric acid. 
wavelengths shorter than 380 my, however, the 
absorption at first decreased and then progessively 
increased. It seems unlikely that this secondary 
change can be attributed to an impurity in the solu- 
tions; possibly, it involves nitro groups. The curves 
obtained for solutions of dimethylpicric acid in 
2.2-M and 6—-M hydrochloric acid illustrate the 


secondary change. The curve for 2.2—M _ hydro- 
chloric acid solution is believed to approximate 
closely the spectral absorption of nonionized di- 


methylpicric acid. 

In determining pK, absorbance values at 390, 400, 
and 410 my were used. Since the values of PD, at 
these wavelengths are low and do not vary measur- 
ably with concentrations of hydrochloric acid greater 
than 3—M, the secondary change in absorption is 
believed not to have caused errors in determining 
pk. 

The tabulated data and results are presented in 
table 1. The average pK value obtained was 1.376, 
or approximately 1.38 (corresponding to an ioniza- 
tion constant of about 0.042). This pK value falls 
within the range of the various estimated constants 
(see sec. 1). 


3.2. Attempted Potentiometric Determination of pK 


Attempts were made to determine pK by titrating 
0.005-M dimethylpicric acid with alkali about 10 
times as concentrated, using glass and saturated 
calomel electrodes [9].° This concentration of di- 
methylpicric acid is close to the limit of its solubility 
in water at 25 °C. Values of pK were calculated 


5In part of the titrations a Precision-Shell titrometer was used; in others, a 
Beckman pH meter, model G. 








from the equation 


((B-]+|H*])/({7B)]—[H*])} 
+0.5115SI/(1+1.5+//). 2) 


pK= pH—log{ 


The pK values obtained from eight titrations varied 
from 1.26 to 1.66, yielding the average value 1.49. 
Considering the limited solubility and re latively high 
acidity of “dimethylpicric acid, high precision and 
accuracy by potentiometric titration do not appear 
feasible for this compound. However, the average 
pK value obtained in this work agrees in ceneral 
magnitude with the value determined spectro- 
photometrically. 


TaBLE 1. Jonization constant of dimethylpicric acid (2,4,6- 


trinitro-3,5-xylenol) in water at 25 °C 
, | ‘ 
Concentra- D log{[(.D-D;)/ —log{[H+]> | —2 logy pK 
tion of HCl! (D»2- D)} 
A=390 mu D, =0.064, D2=0.612 
0.0102 0. 521 0. 701 1. 989 0. 087 1. 375 
. 0203 . 462 . 424 1, 691 115 1. 382 
. 0332 413 . 244 1.478 . 140 1. 374 
0519 . 359 . 067 1. 284 . 164 1. 381 
. 0623 . 340 . 006 1. 205 174 1. 373 
. 104 .277 —. 197 0. 984 . 200 1. 381 
A=400 my D,=0.029, Do=0.568 
0.0102 0.477 0. 692 1. 989 0. O87 1. 384 
. 0203 . 422 . 430 1. 691 115 1. 376 
. 0332 . 373 . 246 1. 478 . 140 1. 372 
0519 . 321 .073 1. 284 . 164 1. 375 
. 0623 302 O11 1. 205 .174 1. 368 
. 104 . 244 —. 178 0. 984 200 1. 362 
A=410 mp D,=0.011, D2=0.495 
0.0102 0.411 0. 678 1. 989 0. O87 1. 398 
. 0203 . 366 . 440 1. 691 115 1. 366 
. 0332 318 . 239 1.478 . 140 1.379 
. 0519 ae . 065 1. 284 . 164 1. 383 
. 0623 . 254 . 003 1. 205 .174 1.376 
. 104 . 203 —. 182 0. 984 . 200 1. 366 
Average 1.376 
kK =0, 042 
2 Concentration of dimethylpicric acid, 1.250X10-* M. Optical absorption 


cells were 1 cm in length. 


+ All concentrations are in moles per liter. 
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Spectrophotometric Determination of the Ionization 
Constant of 2,4,6-Trinitro-m-cresol in Water at 25 °C 


Marion Maclean Davis and Maya Paabo 


(August 10, 1960) 


The ionization constant of 2,4,6-trinitro-m-cresol in water at 25 °C was determined by a 
spectrophotometric procedure. The pK value 0.81 (K ~0.16) was obtained. 


1. Introduction 


J. Kendall [1] ' determined the conductivity of 
2,4,6-trinitro-m-cresol (methylpicric acid) and its 
sodium salt in water, and concluded that a saturated 
solution (0.01—M) at 25 °C is about 92-percent dis- 
sociated. Applying the method of calculation de- 
scribed in [2] to these data gives a pK value of about 1 
for trinitro-m-cresol. Values of pK for trinitro-m- 
cresol can be estimated by assuming that effects of 
substituents on the ionization constants of phenols 
are additive [2]. For example, by applying data for 
phenol and its monosubstituted derivatives the 
estimated pK value 1.66 is obtained. Data for 
2,4-dinitropbenol, o-nitrophenol, and m-cresol lead 
to the pK value 1.41. A lower pK value, 0.95, is 
obtained by using pK vaJues for 2,6-dinitrophenol, 
p-nitrophenol, and m-cresol. However, a  sub- 
stantially higher pK value (2.8) was obtained by a 
potentiomatric procedure [8]. 

This paper describes the determination of pK for 
trinitro-m-creso) by a spectrophotometric procedure. 


2. Method and Results 


Commercial 2,4,6-trinitro-m-cresol of high purity 
was recrystallized successively from water, aqueous 
ethanol, and benzene-cyclohexane, and then dried at 
80 °C for 2 hr; mp, 107.0 to 107.5 °C. Potentio- 
metric weight-titrations indicated the purity was 
greater than 99.8 percent. 

The spectrophotometric procedure used for deter- 
mining pK was closely analogous to that described 
in [2]. In figure 1 molar absorption curves for 
ionized and nonionized trinitro-m-cresol are shown. 
Additional absorption curves were obtained in which 
the hydrochloric acid content varied from about 
0.05—VM to 6-M. ‘The two isosbestic points shown in 
figure 1 remained fixed throughout. 

Values of pK were calculated from absorbance 
measurements at 350 muy, 380 my, and 410 mug. 


TT 


1 Figures in brackets indicate the literature references at the end of this paper. 





The data and the calculated values of pK are sum- 
marized in table 1. These yield the average pK 
value 0.806, or approximately 0.81. The corre- 
sponding ionization constant is 0.156. 







14X 10° TRINITRO -m-CRESOL 


In 6-M HCI 











320 360 400 440 480 
WAVELENGTH ,my 


240 280 


FicurE 1. Spectral absorption curves of 2,4,6-trinitro-m- 
cresol in aqueous acid (approx. 6-M HCl) and in aqueous 
alkali (NaOH, pH ~12). 


The curve for a solution containing 4.5-M HC] was almost identical with that 
shown for 6—M hydrochloric acid solution. 
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TaBLE 1. Jonization constant of 2,4,6-trinitro-m-cresol in 


water at 25 °C a6 








Concentra- D log[( D-D,) —log[H+]> | —2 log y+ pk« 
tion of HC]? (D2-D)]} 
A=350 my D,=0.156, Do=0.604 
0. 0483 0. 523 0. 656 1. 316 0. 160 0. 820 
. 0676 ‘ . 536 1.170 . S11 
. 0966 . 403 1.015 . 808 
.171 .173 0. 766 | 818 
214 «| 097 | 669 | 234 | . 806 
. 257 . 000 . 590 | 240 | 830 
. 343 . 357 —. 089 . 465 . 244 . 798 
. 483 . 315 —. 259 . 316 242 817 
A=380 My D;=0.027, D2=0.538 
0. 0483 0. 447 0. 664 1. 316 0. 160 0. 812 
. 0676 . 537 1. 170 .177 810 
. 0966 . 410 1.015 . 196 . S01 
-171 . 188 0. 766 | 225 . 803 
. 214 .101 | . 669 | . 234 . 802 
. 257 012 . 590 | 240 | . 818 
. 343 | —. O80 | . 465 | . 244 . 789 
. 483 } —. 246 . 316 . 242 . 804 
A=410 mu D,=0, D2=0.329 
0. 0483 0. 270 0. 661 1. 316 0. 160 0.815 
. 0676 . 257 . 553 1.170 .177 794 
. 0966 . 237 .411 1.015 . 196 . 800 
171 . 199 . 185 0. 766 . 225 . 806 
. 214 . 184 . 104 . 669 234 | 799 
. 257 . 165 . 002 | . 590 . 240 | . 828 
343 | . 155 | ~. 050 | 465 . 244 | 759 
483 | . 120 | —. 241 316 | 242 | 799 
| 
Average pk. 7 0. 808 
k 156 


2 The concentration of trinitro-m-cresol was 5.001 K10-5 M. 
absorption cells were 1 cm in length. 

» All concentrations are in moles per liter. 

¢ pK=—log [H+] —2 log y+ —log|(D—D;)/(D2—D ]. See [2] 

4 Discarded. 
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Method for the Separation of Titanium, Zirconium, Iron, 
and Aluminum from One Another and for their Subse- 


quent Determination 


Thomas J. Murphy, W. Stanley Clabaugh, and Raleigh Gilchrist 


(August 5, 1960) 


A method is described for the separation of titanium, zirconium, iron, and aluminum 


from one another and for their subsequent determination. 


Iron is first precipitated with 


1-nitroso-2-naphthol after complexing the titanium and zirconium with citrate to prevent 


their precipitation. 


Titanium and zirconium are then collectively precipitated with cupferron 


and subsequently separated from each other by precipitating the titanium with 8-hydroxy- 


quinoline after complexing the zirconium with ethylenediaminetetraacetic acid. 


Aluminum 


and zirconium are recovered from their respective solutions by precipitation with cupferron. 
The accuracy of the method was proved by analyzing synthetic solutions containing 


known amounts of the four elements. 


1. Introduction 


This paper describes the separation and determi- | 


nation of titanium, zirconium, iron, and aluminum 
in barium titanate ceramic dielectrics. These ce- 
ramic dielectrics may be dissolved by digestion on 
the steam bath overnight in a solution containing 
equal volumes of hydrochloric acid and water. Any 
undissolved residue may be brought into solution 
by fusing it with sodium carbonate and treating the 
resulting fusion with diluted hydrochloric acid. 
Titanium, zirconium, iron, and aluminum can then 
be sharply separated from the alkaline earths, the 
alkalies, and silicon by a double precipitation with 
8-hydroxyquinoline. 

The procedure described here starts with the col- 
lective precipitation of the four elements by 8-hy- 
droxyquinoline. Much of the analytical chemistry 
involved is new and should have application to 
analytical problems other than those of ceramic 
dielectrics. 


2. Reagents 


Standard Titanium Solution: Fifty milliliters of 
titanium tetrachloride, purified according to the 
directions of Clabaugh, Leslie, and Gilchrist [1],’ 
was slowly added to 100 ml of ice cold water. The 


| determined by precipitating with cupferron and 


| 





resulting solution was diluted to 2.5 liters with di- | 


luted hydrochloric acid (1+1).2 Three 50-g portions 
of{this diluted solution, measured with a weight buret, 
were each diluted to 250 ml and the titanium content 


a 


Financial support of this work was furnished by the Diamond Ordnance Fuze 
Laboratories, Department of the Army, Washington 25, D.C. 
2 Figures in brackets indicate the literature references at the end of this paper. 
When the use of an acid is prescribed with no indication of strength or dilution, 
the acid to be used is the concentrated acid. Dilutions are indicated by the vol- 
umes of acid and water mixed to prepare a diluted reagent. Diluted hydrochloric 
acid (1+x) means a diluted acid prepared by mixing 1 volume of the concentrated 
acid with x volumes of distilled water. Similar designations are used for ammo- 
nium hydroxide. 


| 0.19 percent. 


igniting the precipitate to TiQs. 

Standard Iron Solution: About 20 g of ferric 
chloride hexahydrate, American Chemical Society 
Reagent grade, was dissolved in 200 ml of diluted 
hydrochloric acid (1+1). The resulting solution was 
diluted to 2 liters with water. The titer was 
determined in a manner similar to that for titanium. 

Standard Zirconium Solution: About 65 g of zir- 
conium sulfate tetrahydrate, purified according to 
the procedure described by Clabaugh and Gilchrist 
[2], was dissolved in 1 liter of diluted hydrochloric 
acid (1+3) and the resulting solution then diluted to 
2 liters with diluted hydrochloric acid (1+3). The 
titer was determined in a manner similar to that for 
titanium. This titer also includes any hafnium 
present in the zirconium. 

Standard Aluminum Solution: About 4 g of pure 
metallic aluminum was dissolved in 400 ml of di- 
luted hydrochloric acid (1+2) and the resulting 
solution then diluted to 2 liters with water. Three 
50-g¢ portions of this diluted solution, measured 
with a weight buret, were each diluted to 250 ml. 
To each of these solutions 10 ml of acetic acid was 
added. The acidity was then reduced to value of pH 
5.0 with diluted ammonium hydroxide (1+1). The 
aluminum content was determined by precipitating 
with 8-hydroxyquinoline and igniting the precipi- 
tate to Al,Os. 

1-Nitroso-2-Naphthol Reagent Solution: Commer- 
cially available samples of 1-nitroso-2-naphthol were 
found to contain significant amounts of residue on 
ignition. For three different samples the resi- 
dues amounted to 0.07 percent, 0.14 percent, and 
Spectrochemical examination of one 
of the residues showed that it was primarily Fe,O;, 
and also contained about 10 percent each of MgO 
and SiQy. 

Five grams of 1-nitroso-2-naphthol was placed in 
a 25-ml porous porcelain filtering crucible and 
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leached with 800 ml of water heated to 60 °C. This 
treatment dissolved about 0.5 g of the reagent. Five 


hundread ml of diluted ethanol (1+-1), heated to 
about 60 °C, was then passed through the filter and 
this dissolved most of the water-washed material. 
The porcelain filter and residue were air-dried and 
weighed. The concentration of the reagent in the 
alcoholic solution was determined by difference. 
This treatment reduced the residue on ignition from 
0.07 to 0.01 percent. This reagent solution must be 


freshly prepared since it decomposes on standing. 


Cupferron Reagent Solution: Five grams of cup- 
ferron, the ammonium salt of nitrosophenylhydroxyl- 
amine, was dissolved in 100 ml of water. This 


| 





solution must be freshly prepared since it decomposes 


on standing. 

Ammonium <Acetats 
dred milliliters of acetic acid was cooled in an ice 
bath and ammonium hydroxide was slowly added 
to the cold solution until the pH of the resulting 
solution was 7.4 

Ethylenediaminetetraacetic Acid: To prepare eth- 
vlenediaminetetraacetic acid suitable for use, the 
practical grade was dissolved in a solution of am- 
monium hydroxide. This solution was filtered and 
then neutralized to pH 1 with hydrochloric acid to 
reprecipitate the ethylenediaminetetraacetic acid. 
The precipitate was caught on a filter, washed well 
with distilled water, and dried at 100 °C. 

Other Reagents: All the other reagents used con- 
formed to the specifications of the American Chemical 
Society for reagent chemicals. 


3. Development of the Procedure 


3.1. Separation of Iron From Titanium, Zirconium, 
and Aluminum 


Ferric iron is reported to be quantitatively pre- 
cipitated by 1-nitroso-2-naphthol, (C;)H;O,N), in the 
pH range 0.95 to 2.00 [3]. The iron is precipitated 
as ferric nitrosonaphtholate [4], Fe(CjH,;O.N);, 
which can be ignited to ferric oxide [5], Fe.Qs. 
Titanium and zirconium are also reported to pre- 
cipitate with 1-nitroso-2-naphthol from weak acid 
solutions [6]. Aluminum does not form an insoluble 
precipitate with 1-nitroso-2-naphthol. 

Citrate ion was found to prevent the precipitation 
of titanium and zirconium nitrosonaphtholates from 
weakly acid solution, at about pH 1.5. Ferric iron 
was found to precipitate quantitatively from a 
citrate solution in the pH range 1.0 to 2.0. Since 
aluminum is not precipitated by 1-nitroso-2-naphthol, 
and since citrate ion prevents the precipitation of 
titanium and zirconium, the possibility of separating 
iron from these elements by the precipitation of ferric 
nitrosonaphtholate from a citrate solution was in- 
vestigated. 

It was found that when precipitations of iron were 
attempted from solutions having a volume of about 
350 ml and containing 500 mg of TiO, and 50 mg of 


4 All pH measurements were made with a glass-electrode pH meter. 


Reagent Solution: Five hun- | 








Fe,O;, or 500 mg of ZrO, and 50 mg of Fe,0,, or 
500 mg of Al,O; and 50 mg of Fe.Os, the results were 
always high. This was thought to be due to the 
fact that 1-nitroso-2-naphthol is not very soluble 
under these conditions and that the ferric nitro- 
sonaphtholate forms so slowly that most of the 
1-nitroso-2-naphthol precipitates from solution and 
adsorbs some of the metallic ions. Ethanol increased 
the solubility of 1-nitroso-2-naphthol and improved 
the separation, provided that the ethanol content 
did not exceed 75 ml of 95-percent ethanol in 350 ml 
of solution and provided that at least a 0.2-¢ excess of 
l-nitroso-2-naphthol was present. If more ethanol 
or less 1-nitroso-2-naphthol were present, the precipi- 
tation of iron was not complete. 


a. Separation of Iron From Titanium 


Kight synthetic mixtures of iron and _ titanium 
were prepared from the respective standard solutions. 
Each solution contained an amount of titanium 
equivalent to 500 mg of TiO, and an amount of iron 
equivalent to from 0.2 mg to 50 mg of Fe,O;. Ten 
grams of citric acid and 1.8 g of 8-hydroxyquinoline 
were added to each solution. The citric acid was 
added to complex the titanium. The 8-hydroxy- 
quinoline was added to approximate the amount 
of this reagent that would be present if the mixture 
was first precipitated with 8-hydroxyquinoline to 
separate this group of elements from the alkalies and 
alkaline earths and then taken into solution as 
described in section 4.1. 

The acidity of each solution was adjusted to pH 
1.5 with diluted ammonium hydroxide (1+1), and 
then the iron was precipitated with 1-nitroso-2- 
naphthol reagent solution as described in section 4.2. 

The results of these separations are given in table 1. 


TABLE 1. Results cbhtained in the separation of iron from 
titanium by 1-nitroso-2-naphthol 
Titanium Ferric oxide 
dioxide 
Experi- 
ment 
Added Added Found Error 
mg mq mg mg 
1 500 0.2 0.2 0.0 
2 500 a) Pe) 0 
3 500 2.5 26 ae 
4 50 4.1 ee +-.2 
; 5 5.1 5.2 14 
6 590 11.2 11.3 +.1 
7 509 23. 4 23.6 +2 
8 509 418.8 18.9 oe 


.Y 


Chemical analysis of 50 mg of Fe.C,, separated 
from 500 mg of TiO., showed that the Fe,O; con- 
tained slightly more than 0.1 mg, but less than 0.2 
mg of TiQs. 


b. Separation of Iron From Zirconium 


and zirconium 
standard solu- 
amount of zir- 


Five synthetic mixtures of iron 
were prepared from the respective 
tions. Each solution contained an 
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Ce 


Ci 





conium equivalent to 500 mg of ZrO, and an amount 
of iron equivalent to from 0.5 mg to 50 mg of Fe.Os. 

The synthetic mixtures were treated exactly as 
the iron-titanium mixtures in section a, and the iron 
in each solution was separated and determined by 
the method described in section 4.2. 

The results of these separations are given in table 
9 


TaBLeE 2. Results obtained in the separation of iron from 
zirconium by 1-nitroso-2-naphthol 
Zirconium Ferric oxide 
Experi- dioxide 
ment 
| 
Added Added | Found Error 
mg mg | mg mg 
1 500 0.5 0.5 0.0 
2 500 2.6 2.6 0 
3 500 11.1 11.0 —.1 
4 500 24.0 24.1 +.1 
5 500 51.4 51.6 ss 


Chemical analysis of 50 mg of Fe,O;, separated 
from 500 mg of ZrO., showed that the ferric oxide 
contained about 0.1 mg of ZrQ,. 


c. Separation of Iron From Aluminum 


Five synthetic mixtures of iron and aluminum 
were prepared from the respective standard solutions. 
Each solution contained an amount of aluminum 
equivalent to 500 mg of Al,O; and an amount of 
iron equivalent to from 0.5 mg to 50 mg of Fe,Qs. 

The synthetic mixtures were treated exactly as 
the iron-titanium mixtures in section a, and the 
iron in each solution was separated and determined 
by the method described in section 4.2. 

The results of these separations are given in table 
3. 


TABLE 3. Resulis obtained in the separation of iron from 


aluminum by 1-nitroso-2-naphthol 


Alumi- 
num Ferric oxide 
Experi- oxide 
ment — iam i 
Added Added Found Error 
mg mg | mg mg 
1 500 0.5 | 0.6 +0. 1 
2 500 | 25 | 2.6 +.1 
3 500 | 10. 2 | 10.3 +.1 
i 500 | 24.6 24.5 —.l 
) 500 50.5 50. 4 —.1 





Chemical analysis of 50 mg of FeO 3, separated 
from 500 mg of Al,O 3, showed that the ferric oxide 
contained about 0.1 mg of Al,Os. 


3.2. Separation of Titanium and Zirconium From 
Aluminum 


Titanium and zirconium are reported to be 
quantitatively separated from aluminum by pre- 
cipitation with cupferron from strongly acidic 











solution [7]. Titanium js precipitated as titanium 
cupferrate [8], Ti(Cs;H;N.O.),, which can be ignited 
to TiO.. The literature does not report the formula 
of the zirconium cupferrate, but, by analogy, it is 
probably Zr(C,H;N,0.),, which can be ignited to 
zirconium dioxide [9], ZrQz. 

Synthetic mixtures containing 50 mg of Al,O; and 
500 mg of TiO,, and synthetic mixtures containing 
50 mg of Al,O; and 500 mg of ZrO, were prepared 
from their respective standard solutions and the 
volumes adjusted to approximately 400 ml. Ten 
grams of citric acid was added to each solution, the 
solutions were neutralized to pH 1.5 with diluted 
ammonium hydroxide (1+1), and 50 ml of hydro- 
chloric acid added to each. A sufficient quantity7of 
cupferron reagent solution was added to each 
solution to precipitate the titanium or zirconium and 
provide about 10 ml, 0.5 gram of cupferron, in excess. 
The solutions were allowed to stand in a refrigerator 
for about 4 hr and were filtered through 12.5-em 
papers.’ The filters and precipitates were washed 
with a 0.1-percent solution of cupferron in diluted 
hydrochloric acid (1+ 9), then transferred to 150-ml 
beakers and decomposed by heating with an infrared 
Jamp. The beakers were then placed in an electric 
furnace at 450° C and maintained at this tempera- 
ture overnight or until there was no visible evidence 
of carbon. The beakers were gradually cooled to 
room temperature, and 30 ml of diluted sulfuric 
acid (1+1) was added to each. The beakers were 
covered and heated gently on an electric hot plate 
until the oxides wera dissolved. The solutions were 
cooled, transferred to 600-ml beakers, and diluted to 
400 ml with water. 


The titanium or zirconium in each solution was 
reprecipitated, filtered, and washed as described 
above. To determine the amount of alumiaum that 
contaminated the first precipitate, the filtrates from 
the second precipitation of titanium or zirconium 
were cooled in an ice bath and their acidities adjusted 
to pH 4.0 with ammonium hydroxide. The solutions, 
after standing overnight in a refrigerator, were 
filtered through 9-cm papers, and the precipitates 
were washed with a 0.5-percent aqueous solution of 
cupferron, ignited in porcelain crucibles, and weighed 
as Al,O;. The results, given in table 4, show that 
a considerable amount of aluminum bad precipitated 
with the first titanium or zirconium cupferrates. 


TABLE 4. Comparison of results obtained by varying the 
conditions of precipitation in the separation of titanium and 
zirconium from aluminum by cupferron 























TiO: ZrO2 AlsO3 Al,O3 
Experi- COI OE FO ee found in 
ment precipitation cupferron 
Added Added Added precipitate 
| mg | mg mg mg 
| ees rs eek eR 500 | ----- aeeeee 50 1.0 
Becca Revised __-.--.- 500 Leen : 50 0.1 
3 eee ees Oa | 500 50 .3 
Ca ee 2: ee, EER eee) 500 50 .0 





5 All filter paper used was quantitative, ashless filter paper of close, dense 
texture suitable for retaining the finest precipitates. 
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It was found, however, that if slightly less cup- 
ferron than the amount necessary to precipitate 
completely the titanium or zirconium was added, 
and the solution heated to about 60° C and stirred 
continually, the precipitated cupferrates changed 
from a bulky, flocculent form to a dense and compact 
form. The precipitation of titanium or zirconium 
was then completed by the slow addition of cupferron 
reagent solution until a permanent precipitate no 
longer formed. Finally, the solutions were cooled 
and an additional 10 ml of the cupferron reagent 
solution was added to each. 

Figure 1 shows a comparison of the volumes of 


equal amounts of titanium precipitated with cup- 


ferron by the normal method and by the revised 
method. Figure 2 shows a similar comparison in 
the case of zirconium. The amounts of titanium 


and of zirconium involved were equivalent to 500 
mg of their respective dioxides. 





Figure 1. Comparison of the volumes of equal amounts of 
titanium precipitated with cupferron by the normal method, 
A, and the revised method, B. 





FIGURE 2. 


Comparison of the volumes of equal amounts of 
zirconium precipitated with cupferron by the normal method, 
A, and the revised method, B. 


| 
| 





| 





was reasoned that since the volumes of the 
Be ipitates were much smaller by the revised method 
of precipitation, a better separation of titanium 
and zirconium from aluminum might be effected. 
Synthetic mixtures containing 50 mg of Al,O; and 
500 mg of TiO., and also mixtures containing 50 
mg of Al. 2O; and 500 mg of ZrO,, were prepared from 
the standard solutions. The separations were 
effected by the revised procedure described above. 
The results, also reported in table 4, show that the 
amount of aluminum that was precipitated with the 
titanium and zirconium was significantly reduced, 


3.3. Recovery and Determination of Aluminum 


Aluminum is reported to be quantitatively pre- 
cipitated by cupferron from weakly acid solution, 
probably as Al(CsH;N2,O2)3;. This compound can 
be ignited to [10] Al,Os. 

The completeness of precipitation of aluminum 


by cupferron from a_ solution containing large 
amounts of ammonium chloride and ammonium 


citrate was determined by the analyses of four 
synthetic solutions of aluminum containing from 
0.5 mg to 50 mg of Al,O; which were prepared from 
the standard solutions. Ten grams of citric acid 
and 50 ml of hydrochloric acid were added to each 
solution and the solutions were then diluted to 
400 ml. The acidity of each solution was adjusted 
to pH 4.0 with ammonium hydroxide. Enough 
cupferron reagent solution was added to furnish a 
1-g excess of cupferron. The solutions were allowed 
to stand overnight in a cold box. The precipitates 


were caught on 12.5-em papers, washed with a 
1-percent solution of cupferron, and ignited to 


Al,O3 in porcelain crucibles at 1,100 °C. 

The results of these determinations are given in 
table 5. In each instance the recovery of the added 
aluminum was complete. 


TABLE 5. Recovery of aluminum by precipitation with 
cupferron 
Aluminum Oxide 
Experi- 
ment 
Added Found Error 
mg mg mg 
1 0.5 0.5 0.0 
2 4.8 4.7 -.1 
3 23. 4 23.3 —.] 
4 51.5 §1.7 +-.2 


3.4. Separation of Titanium From Zirconium 


In weakly acid solution, ethylenediaminetetra- 
acetic acid forms a strong mole-to-mole complex 
with zirconium [11] and a weaker one with titanium 
[12]. Sen Sarma and Mallik [13] state that the 
zirconium complex is strong enough to prevent the 
precipitation of zirconium by 8-hydroxy quinoline 
in weakly acid solution. Experiments in our labora- 
tory showed that titanium could be almost com- 
pletely precipitated as titanyl quinolate, Ti0- 
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(C,H,NO).:2H2O, at pH 4.5 in the presence of 
ethylenediaminetetraacetic acid, under certain con- 
ditions. A 1-g excess of 8-hydroxyquinoline over 
the amount necessary to precipitate the titanyl 
quinolate must be present. The excess of ethylene- 
diaminetetraacetic acid should not be greater than 
0.5 g over the amount needed to complex the 
zirconium. The solution should be cooled in an ice 
bath before filtering. When these conditions are 
observed, the amount of titanium remaining in 
solution was found to be about 0.05 mg as TiQs. 
This solubility of titanium was low enough to regard 
the precipitation as complete. 

The titanyl quinolate precipitate can be decom- 
posed by heat from an infrared lamp and converted 
to TiO, by ignition in an electric furnace. Berg and 
Teitelbaum [14] reported that this decomposition 
should be done under a layer of oxalic acid, because 
of the volatility of titanyl quinolate. Arend and 
Schnellenbach [15] used a direct decomposition and 
ignition of titanyl quinolate without the addition of 
oxalic acid. Experiments in our laboratory showed 
that when the decomposition was performed with 
heat from an infrared lamp, no titanyl quinolate 
was volatilized. Known amounts of titanium were 
precipitated by 8-hydroxyquinoline, decomposed by 
heat from an infrared lamp, and ignited to TiO, 
without any loss of titanium. No trace of titanium 
was found when the decomposition products from 
heating titanyl quinolate with an infrared lamp were 
passed through a solution of sulfuric acid. 

Synthetic solutions containing from 475 mg of 
TiO, and 25 mg of ZrO, to 100 mg of TiO, and 400 
mg of ZrO, were prepared from the standard solu- 
tions. These mixtures were converted to sulfates by 
the addition of 15 ml of sulfuric acid and subsequent 
evaporation to fumes of sulfuric acid. Each solution 
was then treated as described in section 4.5. Each 
precipitate of titanyl quinolate was dissolved in 100 
ml of diluted sulfuric acid (15+85) and the titanium 
reprecipitated. To determine the contamination of 
the first precipitate by zirconium, the filtrates from 
the second precipitation were made acid with hydro- 
chloric acid and the zirconium recovered by precipi- 
tation with cupferron. The solutions were allowed 
to stand for about 4 hr and filtered through 9-cm 
papers. The filters and precipitates were washed 
with a solution of cupferron, transferred to porcelain 
crucibles, decomposed by an infrared lamp, and 
ignited to ZrO, at 1000 °C. 

The degree of contamination of the titanyl quino- 
late by zirconium, over the range studied, is given 
in table 6. 

The separation was satisfactory up to the con 
centration range of about 200 mg of TiO, and 300 
mg of ZrO,. For amounts of zirconium in excess 
of this amount a double precipitation should be 
made, but this increases the amount of soluble ti- 
tanium weighed with the ZrO, to 0.1 mg of TiO. 

Eight synthetic mixtures of titanium and zirconium 
were prepared from the standard solutions. Fifteen 
milliliters of sulfuric acid was added to each and the 
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Experiments which show the degree of contamination 
of titanium quinolate by zirconium 


TABLE 6. 


ZrO2 ZrO: found 


TiO2 
Experi- |_| aed in Ti 
ment | precipitate 
Added Added 
mg mg | mg 
1 475 } 25 0.0 
2 450 50 .0 
3 425 75 | .0 
4 400 100 | od 
5 300 | 200 | <2 
6 200 300 | a 
7 | .4 


100 400 





solutions were evaporated to fumes of sulfuric acid. 
The titanium was then separated and determined by 
the procedure described in section 4.5. The filtrates 
were reserved for the determination of zirconium 
according to the directions in section 3.5. The re- 
sults of these separations and determinations are 
given in table 7. 


Cd 


TaBLE 7. Results obtained in the separation of titanium from 
zirconium by precipitation with 8-hydroryquinoline in a 
solution containing ethylenediaminetetraacetic acid 


Titanium dioxide Zirconium dioxide 


Experi- apc a Cer ee 2 ee 
ment No. | 

Added Found Error Added Found | Error 

g g mg g g | mg 

| ss 0. 5037 0. 5037 0.0 0.0005 0.0006 | +0.1 
2 ; . 4981 . 4984 +.3 . 0009 | . 0009 .0 
3 : i . 4831 . 4830 —.1 . 0067 | . 0066 —.1 
4 é . 4808 . 4809 +.1 .0093 | .0092 | —.1 
) . 4605 . 4608 +.3 .0268 | . 0268 | .0 
6 Sace . 4468 . 4471 +.3 . 0606 . 0604 , = 2 
7 . 3941 . 3944 +.3 | .1035 | .1035 =| .0 
8 . 2905 . 2907 +.2 .2185 | .2185 | 0 





3.5. Recovery and Determination of Zirconium 


Majumdar and Chowdhury [16] reported that, in 
the presence of ethylenediaminetetraacetic acid, 
zirconium can be quantitatively precipitated by 
cupferron from hydrochloric acid solution. 

To confirm this observation, five solutions con- 
taining known amounts of zirconium in the range of 
0.5 mg to 55 mg of ZrO, were prepared. Fifteen 
milliliters of sulfuric acid was added to each solution 
and enough ethylenediaminetetraacetic acid to fur- 
nish a 0.5-g excess over the amount necessary to 
complex the zirconium. The acidity of each solution 
was adjusted to pH 1.5 with ammonium hydroxide, 
and then to pH 4.5 with the ammonium acetate 
reagent solution. Fifty milliliters of hydrochloric 
acid was added to each solution and enough cup- 
ferron to furnish an excess of 1 g. The solutions 
were allowed to stand overnight in a cold box, then 
filtered through 12.5-cm papers. The filters and 
precipitates were decomposed in porcelain crucibles, 
and ignited to ZrQs. 

The results are given in table 8. 
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TABLE 8. Recovery of zirconium by precipitation with cup- 


ferron in a solution containing ethylenediaminetetraacetic 
acid 
Zirconium dioxide 
Experi- 
ment 
Added Found Error 
mg mg mg 
1 0.6 0.6 0.0 
2 10.3 10.3 0 
3 25. 2 25. 1 1 
4 5. 1 55. 2 +. 1 


The filtrates obtained according to the procedure 
in section 3.4 were acidified with 50 ml of hydro- 
chloric acid and the zirconium recovered and deter- 
mined by the above procedure. These results are 
given in table 7. 


4. Procedure for Separating Titanium, Zir- 
conium, Iron, and Aluminum From One 


Another 


The following procedure is designed for a total 
quantity of about 0.5 g of mixed oxides. The maxi- 
mum amount of each oxide that can be present is: 
0.5 g of TiO,; 0.25 g of ZrO.; 0.05 g of Fe,O;; and 


0.05 g of Al,Os. The mimmum amount of ZrOz, 
Fe,O;, and Al,O, that can be determined is about 
0.0005 g each. A very accurate determination of 


these elements requires a knowledge of the approxi- 
mate composition of the sample. 


4.1. Preparation of the Solution for Analysis 


Synthetic solutions were prepared by mixing 
weighed portions of each of the four standard solu- 
tions so that the above maxima and minima were 


observed. Each of the synthetic solutions was 
treated as follows: 
Dilute the synthetic solution to about 250 ml. 


To precipitate the metals as their respective quino- 
lates, add 20 ml of acetic acid containing ient 
8-hydroxyquinoline to provide approximately | g in 
excess of the amount required to precipitate all four 
metals. The nominal compositions of the metal 
quinolates are: bes li Zr(C,H,NO),; 
Fe(C,H,NO);; and Al(C,H,NO); 


Neutralize the solution to an acidity of pH 5 by 
adding diluted ammonium hydroxide (1+ 1). W ash 


the electrodes of the pH meter with water and wipe 
them with bits of filter paper. Reserve these bits 
of paper and later add them to the mixed quinolate 
precipitate. 

Digest the solution containing the mixed quinolate 
precipitate for a few hours on the steam bath and 
then cool it to room temperature. Filter the solu- 
tion through a 12.5-cm paper and wash the precipi- 
tate and filter with a solution of water that has been 
saturated with 8-hydroxyquinoline. 

Dissolve the mixed quinolates of titanium  zir- 
conium, iron, and aluminum in the following manner. 
Place the filter and precipitate in the beaker in which 


the precipitation wes made and add 100 ml of a 10- 
percent solution of citric acid in diluted hydro- 
chloric acid (5+95) and digest on the steam bath 
until solution of the precipitate is effected. Break 
up the filter paper by stirring the solution. Filter 
the solution through an 11-cm paper and wash the 
| filter with a hot (70 °C) 2-percent solution of citrie 
acid in diluted hydrochloric acid (1+99). Next, 
wash it with a hot (70 °C) solution of ammonium 
citrate, prepared by dissolving 10 g of citric acid in 
400 ml of water, adjusting the alkalinity to between 
pH 8.5 and 9.0 with ammonium hydroxide, and 
finally diluting to a volume of 500 ml.® 


4.2. Separation of Iron From Titanium, Zirconium, 
and Aluminum and its Subsequent Determination 


Evaporate the solution obtained as described above 
to about 150 ml. Add 10 ml of hydrochloric acid 


| and adjust the acidity of the solution to.pH 1.5 with 


diluted ammonium hydroxide (1+3). Digest the 
solution on a steam bath for one-half hour. Add 


enough ethanol so that the final solution will contain 
75 ml of ethanol after the addition of the 1-nitroso-2- 
naphthol reagent solution which contains 50 percent 
of ethanol by volume. Slowly add the 1-nitroso-2- 
naphthol reagent solution to the warm solution until 
the approxima ite amount necessary to precipitate the 
iron as Fe(C,,H,O.N), has been added and/allow the 
solution to stand at room temperature for one-half 
hour. Determine the pH of the solution and adjust, 
if necessary, to pH 1.5 with diluted hydrochloric acid 
(1+9). Add enough 1-nitroso-2-naphthol solution 
to produce a 0.2-g¢ excess of the reagent and allow 
the solution to stand overnight. Filter the solution 
through a 9-em paper and thoroughly wash the pre- 
cipitate and filter with a warm (60 °C) solution of 
ammonium citrate. The wash solution is prepared 
by dissolving 10 g of citric acid in 400 ml of water, 
adjusting the acidity to pH 4.5 with ammonium 
hydroxide, and diluting to 500 ml. 

Decompose the precipitate and filter in a porcelain 
crucible by heat from an infrared lamp. Complete 
the ignition at 900 °C in an electric furnace, and 
weigh the residue as Fe,Qs. 


4.3. Separation of Titanium and Zirconium From 
Aluminum 


Add 50 ml of hydrochloric acid to the filtrate ob- 
tained in the separation of iron by 1-nitroso-2- 
naphthol. Evaporate the solution to about 200 ml 
on a steam bath to free it of ethanol. Cool the re- 
sulting solution to about 60 °C and slowly add 
enough cupferron reagent solution to precipitate 
only about 90 percent of the titanium and zirconium. 
Digest the solution at this temperature and _ stir 
the solution until the precipitate changes from a 
bulky, flocculent form to one of dense compact 
nature. Then, slowly add cupferron reagent solution 
until a permanent precipitate no longer forms. Cool 


6 When filters were ignited after the above treatment, no residue was found, 
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the solution to room temperature and add 10 ml more 
of the cupferron reagent solution. Allow the solu- 
tion to stand about 4 hr in a refrigerator. Catch 
the precipitate on a 12.5-cm paper, and wash it with 
a 0.1-percent solution of cupferron in diluted hydro- 
chloriec acid (14-9). 

Reserve the filtrate for the determination of 
aluminum as described in section 4.4. Reserve the 
precipitate for the separation of titanium from 
zirconium as described in section 4.5. 


4.4. Recovery and Determination of Aluminum 


Cool the filtrate obtained in the separation of 
titanium and zirconium from aluminum (section 
4.3) in an ice-bath and neutralize it to pH 4.0 with 
diluted ammonium hydroxide (1+1). Add 20 ml 


of the cupferron reagent solution and allow the solu- | 


tion to stand overnight in a refrigerator. Catch the 
precipitate on a 12.5-em paper and wash it with a 
l-percent aqueous solution of cupferron. 
the filter and precipitate in a porcelain crucible and 
decompose them by heating with an infrared lamp. 
Complete the ignition in an electric furnace at 1,100°C. 
and weigh the residue as Al,Os. 


Place | 


4.5. Separation of Titanium From Zirconium and its | 


Subsequent Determination 


Place the precipitate of titanium and zirconium 
cupferrates obtained in section 4.3 in a 150-ml beaker 
and decompose it and the filter with heat from an 
infrared lamp. Then place the beaker and its con- 
tents in an electric furnace and raise the tempera- 
ture to 450 °C. Heat them at this temperature 
overnight or until carbon is no longer visible. Do 
not heat above 450 °C because the oxides so formed 
are difficultly soluble in- sulfuric acid. Allow the 
beaker and its contents to cool to room temperature. 

To the beaker containing the mixed titanium and 
zirconium oxides, add 30 ml of diluted sulfuric acid 
(1+1). Place the covered beaker on an electric hot 
plate and dissolve the oxides by heating at a medium 
heat. Cool the solution, dilute it to 100 ml with 
water, and filter it through a 9-cm paper, to free the 
solution of dehydrated silica and to retain any 
undissolved oxides. To determine the amount of 


undissolved oxides, wash the paper with diluted sul- | 


furic acid (1+ 9) and ignite it in a platinum crucible. 
Treat the ash with 2 ml of hydrofluoric acid and 2 
drops of sulfuric acid and heat to volatilize any 
silica present as silicon tetrafluoride. Ignite the 
crucible again and weigh any residue as TiO,.’ If 
significant, this amount should be added to that 
determined later. Bias 

Add enough solid ethylenediaminetetraacetic acid 


to the solution to give an excess of 0.5 g over the 


SEE 


7 The residue in most cases was found to be less than 0.17”mg. In"those cases 


n which it exceeded 0.1 mg, it was found to be TiO». 


approximate amount required to complex the zir- 
conium. Then add enough solid 8-hydroxyquinoline 
to the solution to give an excess of 1 g over the 
amount required to precipitate the titanium. Zir- 
conium forms a one-to-one molar complex with 
ethylenediaminetetraacetic acid, and one mole of 
titanyl ion is precipitated by two moles of 8-hydroxy- 
quinoline. Heat the solution on the steam bath 
until the solid ethylenediaminetetraacetic acid and 
solid 8-hydroxyquinoline are dissolved. Neutralize 
the clear solution to pH 1.0 with diluted ammonium 
hydroxide (1+1) and allow it to stand for 30 min. 
Dilute it to about 450 ml and add 1-ml portions of 
the ammonium acetate reagent solution until a per- 
manent precipitate forms or an acidity of pH 2.0 is 
obtained, whichever occurs first. Heat the solution 
on the steam bath until the precipitate settles. Add 
four 5-ml portions of the ammonium acetate reagent 
solution at 10-minute intervals. Next heat the 
solution for about 1 hour longer and then cool it to 
room temperature. Adjust the acidity of the solu- 
tion to pH 4.5 with the ammonium acetate reagent 
solution. Heat the solution on the steam bath 
overnight, cool it in an ice bath for 4 hr, and filter 
it through a 12.5-em paper. Wash the precipitate 
and filter with a solution prepared by dissolving 1 g 
of 8-hydroxyquinoline in 15 ml of acetic acid, dilut- 
ing it to 400 ml, adding 0.5 g of ethylenediamine- 
tetraacetic acid, neutralizing the solution to pH 4.5 
with diluted ammonium hydroxide (1+1), and 
finally diluting to a volume of 500 ml. 

Place the precipitate and filter in a_ porcelain 
crucible. Decompose the precipitate and filter by 
heating with an infrared lamp. Ignite the residue 
in an electric furnace at 1,000 °C, and weigh it as 
TiO,. 


4.6. Recovery and Determination of Zirconium 


To the filtrate reserved from section 4.5, add 50 
ml of hydrochloric acid. Add a sufficient quantity 
of cupferron reagent solution to precipitate the zir- 
conium and to provide an excess of about 1 g of 
cupferron. It requires 4 moles of cupferron to 
precipitate 1 mole of zircontum. Allow the solution 
and precipitate to stand in a refrigerator overnight. 
Catch the precipitate on a 12.5-cm paper and wash 
it with a 0.2-percent solution of cupferron in diluted 
hydrochloric acid (1+19). Decompose the precipi- 
tate and filter in a porcelain crucible by heat from 
an infrared lamp. Complete the ignition in an 
electric furnace at 1,000 °C and weigh the residue 
as ZrQs. 


5. Results 


The results obtained when the foregoing procedure 
was applied to the analysis of synthetic mixtures of 
titanium, zirconium, iron, and aluminum are given 
in table 9. 
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TABLE 9.— Results obtained in the separation of titanium, zirconium, iron, and aluminum from one another 








Titanium dioxide Zirconium dioxide 
Experiment Poa xe 

Added Found Error Added Found 

g qa mg g g 
0. 4964 0. 4962 | —().2 0. 0006 0. 0007 
4980 .4979 | —.1 . 0102 . 0102 
4269 | . 4269 .0 0244 | . 0245 
cae 3476 | . 3477 | +.1 . 0544 | . 0543 
3422 | 3424 | +.2 .1028 | . 1027 
3210 | 2 15380 | .1528 
2829 | | +.3 2064 | 2062 
2323 +.3 . 2511 . 2510 





Error 
mg 
+0. 1 
0 
a 
ry | 
et 
9 
1 





~ = es — | 
Ferric oxide Aluminum oxide 

a = 
Added Found Errot Added Found Error 
qd g mq g g mg 
0. 0005 0. 0006 +0. 1 0.0005 0. 0007 +-(), 2 
0051 0051 .0 . 0047 0048 4 
0209 0210 +1 . 0226 . 0228 T.2 
. 0479 . 0480 +.1 . 0522 . 0520 —.2 
0124 0122 —,2 . 0050 0051 +. 1 
0055 . 0054 —.1 . 0097 0100 1. 3 
. 0105 .0105 .0 . 0048 . 0049 | 
0054 0055 +1 . 0092 . GOYO —.2 
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Error analysis of a standard microwave phase shifter, 
G. E. Schafer and R. W. Beatty, J. Research NBS 
64C, No. 4, 261 (1960). 


A standard microwave phase shifter has been proposed which 
utilizes an adjustable short circuit attached to a tunable 
three-arm waveguide junction. Two classes of errors con- 
sidered are those due to imperfect tuning of the waveguide 
junction and those due to inaccuracies in determining the 
motion of the adjustable short circuit and the width of the 
waveguide, termed tuning and dimensional errors, respec- 
tively. Graphs are presented for estimating the scattering 
coefficient magnitudes needed to estimate limits of tuning 
error from observations of amplitude changes during the 
tuning procedure. Graphs are presented for estimating limits 
of dimensional error for WR-90 waveguide in the recom- 
mended frequency range of 8.2 to 12.4 kMe/s from tolerances 
of the axial motion of the short circuit and broad dimension of 
the waveguide, 


X-ray attenuation coefficients from 13 to 80 Mev for 
hydrogen, carbon, water, and aluminum, J. MM. 
Wyckoff and H. W. Koch, Phys. Rev. 117, No. 4, 
1261 (1960). 


The X-ray attenuation coefficients for hydrogen, carbon, 
water, and aluminum have been measured in the energy 
range from 13 to 80 Mev by placing varying lengths of attenu- 
ators in a 90 Mev bremsstrahlung beam in a good geometry 
experiment using a large sodium-iodide total-absorption 
spectrometer as the detector. In the hydrogen case, a differ- 
ence method employing cyclohexane (CsHj2) and graphite was 
used. The theoretical attenuation coefficients were calculated 
using selected Compton and triplet cross sections in addition 
to the small quasi-deuteron cross sections. A pair cross 
section increase of 2.25% was required for carbon, water and 
aluminum to bring the total calculated coefficients into agree- 
ment with the measured coefficients in the 60 Mev region. 
The difference between these calculated cross sections and the 
measured cross sections in the 13 to 50 Mev region has been 
ascribed to the giant resonance nuclear absorption. A larger 
high energy tail to this absorption than predicted by (y,p) and 
(y,n) experiments is indicated. 


Forced mixing in boundary layers, G. B. Schubauer 
and W. G. Spangenberg, J. Fluid Mech. 8, No. 1, 10 
(1960). 


The effect of increasing the rate of mixing in turbulent 
boundary layers in a region of adverse pressure gradient has 
been investigated experimentally. Only the two-dimensional 
case was considered. The boundary layer was formed on a 
flat wall in a special wind tunnel in which a variety of adverse 
pressure gradients could be obtained. Speeds were low 
enough to neglect compressibility. The main objective was 
to compare the effect of increasing the rate of mixing with the 
effect of reducing the pressure gradient on boundary-layer 
development and separation. A variety of mixing schemes 
was tried, all of them involving fixed devices arranged in a 
row on the surface in the region of rising pressure. While 
these differed considerably in effectiveness, they had a gener- 
ally similar effect on the flow; and, except for effects arising 
from changes in displacement and momentum thickness intro- 
duced at the devices, their effect on the layer was basically 


| 


equivalent to that of a decrease in pressure gradient. Apart 
from forced mixing, the shape of the pressure distribution was 
found to have a significant effect on displacement and mo- 
mentum thickness, these being minimized and the wall dis- 
tance decreased for a given pressure rise by a distribution with 
an initially steep and progressively decreasing gradient. 


Flow and stress near an interface between stratified 
liquids, K. Lofquist, Phys. of Fluids 3, No. 2, 158 
(1960). 


Observations are made of a density current system in which 
salt water flows turbulently under a pool of fresh water. The 
density and rate of flow of the salt water are varied, resulting 
in varying degrees of agitation of the interface. Measurements 
include the interface slope, the velocity and density profiles 
and the rate of mixing. Profiles of stress and effective vis- 
cosity are developed from the observations and the equation 
of motion. In the zone of stable stratification the effective 
viscosity has a minimum equal to or greater than the molecular 
viscosity depending upon whether the interface is laminar or 
agitated. Dimensionless relationships between the observed 
or computed quantities and the given fluid properties and 
flow characteristics are investigated. The principal inde- 
pendent variables are a Reynolds number and a Froude 
number. An interfacial stress coefficient is found to depend 
upon both. With fair accuracy, the velocity profile can be 
related to the interfacial stress in a manner analogous to that 
for turbulent flow near a rigid boundary. 


Kinetics of the transport of water through silicate 
glasses at ambient temperatures, W. Haller, Phys. 
Chem. of Glass 1, 46 (1960). 


The phenomenology of the transport of water constituents 
into the network of silicate glasses at ambient temperatures 
is discussed. The geologic hydration of obsidian, the hydra- 
tion of obsidian artifacts, the water vapor sorption of a high 
surface area alumino silicate glass, and the water vapor sorp- 
tion of vitreous silica are compared. It is concluded that, 
in spite of a wide variety of glass compositions and experi- 
mental conditions, the sorption rates are of the order of 10-8 
g.cm-2.day~!2, The sorption mechanism is interpreted as 
diffusion of water into the glass, accompanied by an irre- 
versible change in the glass structure. 


Heated cell for quantitative infrared spectropho- 
tometry, F. J. Linnig and J. E. Stewart, Anal. Chem. 
32, 891 (1960). 

A heated cell is described which is useful for quantitative in- 
frared spectrophotometry. It has been employed for making 
quantitative measurements on mixtures that are homogeneous 
only at elevated temperatures, It may be used for obtaining 
spectra of highly viscous materials and of materials above 
their melting points, and for quantitatively following chemi- 
cal reactions at elevated temperatures. 


Calibration for carrier operated microphones and 
other reversible transducers, M. D. Burkhard, 
EK. L. R. Corliss, W. Koidan, and F. Biagi, J. Acous- 
tical Soc. Am. 32, No. 4, 501 (1960). 

An insert technique described in this paper makes it possible 
to carry out sound pressure measurements using a microphone 
operated in a carrier circuit with almost the same accuracy 
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as can be achieved with more conventional preamplifiers. 
The carrier system is modified to include a microphone po- 
larizing voltage if the transducer is not self-polarized. Then 
a calibrating audio-frequency voltage is used to drive the 
transducer diaphragm to the same displacement amplitude 
as that generated by the sound pressure. Instead of match- 
ing the open-circuit voltage of the microphone, diaphragm 
motion is matched. A displacement response constant, inde- 
pendent of frequency, is used to determine sound pressure, 
in contrast to the usual open-circuit response, which depends 
on frequency. 

In a manner analogous to the determination of open-circuit 
pressure response by the reciprocity technique, the acoustic 
admittance of the microphone may be evaluated from a series 
of three voltage ratio measurements and the calculated acous- 
tical transfer admittance of a calibrating coupler. This result 
can be combined with the open-circuit pressure response 
determined by the reciprocity technique to give an explicit 
evaluation of the electromechanical coupling constant. 


Accurate microwave wavemeters with convenient 
calibration tables, H. E. Bussey and A. J. Estin, Pev. 
Sci. Instr. 31, 410 (1960). 


Accurate and convenient microwave cavity wavemeters are 
described that are suitable for many precise physical mesaure- 
ments. High Q’s were attained by refined construction 
techniques. At 9000 Me a precision of 0.02 Me was obtained. 
The absolute accuracy also may be very high after strains in 
the metal have stabilized. <A calibration table containing 
10 entries, easily formed by means of a high speed computer, 
makes the wavemeters convenient to use. The curve fitting 
method, accurate to one in 10°, is described, 


The nova outburst. V. The temperature and radius 
of the central exciting star and observation of ele- 
ments other than hydrogen, 5S. Pottasch, Ann. 
Astrophys J. 22, No. 4, 412 (1959). 


The temperature and radius of the central star (the actual 
nova) is determined for six novae over the period beginning 
somewhat after maximum and extending until the nova shell 
is optically thin to hydrogen ioniozing radiation. During this 
period the temperature is found to remain roughly constant 
while the radius appears to decrease. The temperatures are 
determined using a variation of ZANsrrRA’s method. The 
results are shown in Table 2. The energies emitted by stars 
with these temperatures and radii are computed for the period 
until the shell becomes optically thin to H ionizing radi- 
ation and these energies are compared to the energy found 
from the light curve and the kinetie energies of the shell. 
The extent of the ionized region of the shell can be computed 
knowing the temperature and radius of the exciting star. 
This is done and compared with the extent obtained in a 
different manner in a previous analysis, 

Finally the composition of the shell is discussed. For five 
novae the amounts of hydrogen, helium, oxygen, nitrogen, 
sulfer, calcium, and neon are determined. The abundance 
of the last five elements appears to be greater, by a factor of 
about 5, than the generally accepted cosmic abundance. 


Guiding of electromagnetic waves by uniformly 
rough surfaces—Part I, J. R. Wait, 72 Trans. Ant. 
Prop. AP-7, S—154 (1959). 

A simple derivation is given for the reflection of electro- 
magnetic waves from a perfectly conducting plane surface 
which has a uniform distribution of hemispherical bosses 
whose electrical constants are arbitrary. The spacing he- 
tween the centers of the bosses is taken to be small which is 
the justification for neglecting the incoherent radiation. An 
approximate boundary condition is developed which must be 
satisfied in an average sense by the tangential fields on the 
reference plane. 

The excitation of surface waves on the rough surface is then 
discussed. It is indicated that to a first order, a rough surface 
of the kind deseribed here inductive surfece 
reactance and will support a trapped wave. The effect cf 


possesses an 


finite conductivity of the bosses is to exponentially damp this 
trapped wave. 


Guiding of electromagnetic waves by uniformly 
rough surfaces—Part II, J. R. Wait, JRE Trans, 
Ant. Prop. AP—7, S—163 (1959). 


Using the model of a sing!e rough surface described in Part is 
the influence of curvature is considered. The starting point 
is a residue-series solution for a vertical dipole over a sphere 
with an arbitrary surface impedance. It is shown that the 
curvature has a profound influence on the nature of the 
surface wave, although it uniformly approaches the con- 
ditions for a plane boundary as the radius of curvature ap- 
proaches infinity. 

The propagation between the space bounded by two parallel 
uniformly rough surfaces is also considered. This is treated 
first for plane boundaries and then for concentric spherical 
boundaries. The latter model is useful in explaining certain 
experimental data on the terrestrial propagation of VLF 
radio waves, 


Normal modes of a lattice of oscillators with many 
resonances and dipolar coupling, U. Fano, Phys. Rev. 
118, No. 2, 451 (1960). 


The normal modes of a lattice of coupled dipoles are studied 
as a model of the collective excitations of electrons in con- 
densed materials. Two types of oscillations are found, in 
which electrostatic coupling has a dominant influence. One 
of them is analogous to the oscillation of an electron plasma 
and has a high dipole moment. Other collective oscillations 
have a low net dipole moment, owing to destructive inter- 
ference between out-of-phase components. These two types 
of oscillation occur in systems with a sufficiently high density 
of oscillator strength in space and in spectrum. A simple 
estimate indicates that most condensed materials fulfill this 
condition. 


Electron detachment from the negative hydrogen ion 
by electron impact, S. Geltman, Proc. Phys. Soe. 
(London, England) UXXYV, p. 67 (1960). 


The Born-Oppenheimer approximation has been used to 
evaluate the cross section for the detachment of electrons from 
H- by electron impact over an energy range from threshold 
(0:76 ev) to 75 ev. An empirical correction was then applied 
to account approximately for the long range Coulomb repul- 
sion between the incident electron and the negative ion. 
The resulting cross section has a broad maximum of 70074)? 
centered at about 45 ev. 


Spectra emitted from rare gas-oxygen solids during 
electron bombardment, L. J. Schoen and H. P. 
Broida, J. Chem. Phys. 32, No. 4, 1184 (1960) 


Light emission from rare gas solids containing small amounts 
of oxygen has been excited by an electron bombardment 
technique. The Herzberg bands of neutral oxygen and a 
line group believed to be the '4S—!D transition of oxygen 
atoms from the strongest features of the observed spectra. 
In a neon matrix, the Second Negative system of O,*+ has 
been identified. The effect of the various solids on the 
vibrational structure of the Herzberg bands is discussed. 


Detection and estimation of low concentrations of 
aldehyde in air, EK. E. Hughes and 8. G. Lias, Anal. 
Chem. 32, No. 6, 7O8 (1960). 


Aldehyde is adsorbed from an air stream on purified silica gel. 
The gel is then treated with a solution of p-phenylene diamine 
and hydrogen peroxide. Oxidation of the p-phenylene 
diamine is catalyzed by aldehydes and the depth of color 
produced on the gel by the oxidation products is a measure 
of the quantity of aldehyde adsorbed. The method 1s 
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simple and little equipment is involved. 
as 10-$ mole percent can be easily detected. 
ean be readily adapted for field use. 


The method 


Nonresonant absorption in symmetric-top gases: 
Dependence of relaxation frequency on temperature, 
A. A. Marvott, A. Estin, and G. Birnbaum, J. Chem. 
Phys. 32, No. 5, 1501 (1960). 


The nonresonant absorption spectra of CHF;, CH3F, and 
CCIF; were obtained in the gaseous state at various tempera- 
tures in the range 230° to 360° K. In all cases the maximum 
value of the dielectric loss per unit pressure varies as T~?, in 
accordance with the Debye equation. The variation of 
relaxation frequency (line width) with pressure and tempera- 
ture is represented by Ay « p T-™, where m has the following 
values: 1.59+0.03 for CHF;, 1.60+0.02 for CH;F, and 
1.27+0.02 for CCIF3. Since CHF; and CH3F have rather 
large dipole moments, the predominant interaction should 
be of the first-order dipole-dipole type. On this basis 
Anderson’s theory predicts m=1. Closer agreement with 
the experimental data is obtained with an expression derived 
essentially from dimensional considerations of a torque- 
impulse model, which gives m=1.5. In the case of CCIFs, 
which has a comparatively small dipole moment, the data 
indicate that molecular reorientation is governed primarily 
by forces of shorter range. 


Electron impact study of the cyanogen halides, 
J.T. Herron and V. H. Dibeler, J. Am. Chem. Soe. 
82, 1555 (1960). 


Mass spectra and appearance potentials are reported for the 
principal ions of cyanogen chloride, bromide, and _ iodide. 
Using these data, the following thermochemical values have 
been computed: AH;CN = 89+ 2 keal/mole; AH;CN 15+4 
keal/mole, E.A. (CN) =74+4 keal/mole. 


The structure of O0,O’-diethyl methylphosphonothio- 
ate and conjugative properties of the P—S bond, 
H. Finegold, J. Am. Chem. Soe. 82, No. 10, 2641 
(1960). 


O-diethyl methylphosphonothioate: 
CH;P(S8)(OCH2CHs)., is shown to include two non-equiv- 
alent ethoxy groups. The conclusion was reached by a study 
of the hyperfine nuclear resonance spectrum resulting from 
both the H! and P#*! spin resonance transitions. A theory 
of resonance (mesomeric) stabilization of the molecule 
involving the P=S bond is proposed to explain the observa- 
tions. An important inference is that the compound is 
asymmetric and would be expected to show optical activity. 


The structure of O, 


Analysis of methyl methacrylate copolymers by gas 
chromatography, J. Strassburger, G. M. Brauer, 
M. Trvon, and A. F. Forziati, Anal. Chem. 32, No. 4, 
454 (1960). 


Detection, identification, and quantitative determination of 
copolymers of methyl methacrylate was accomplished by 
gas chromatographic analysis of the pyrolysis products. 
The procedure distinguishes between polymer mixtures and 
copolymers, and detects the presence of 0.2% of copolymer. 
Composition can be determined quantitatively with a 
precision of +0.5° , from standard curves of the ratio of 
peak areas at known composition. The analysis takes only 
a few minutes, can be readily adapted to other copolymers, 
and is especially useful for cross-linked, insoluble materials, 


The black void reactor concept, C. O. Muehlhause, 
Nuclear Sez. and Engr. ts No. 6. 605 (1960). 


The application of heavily loaded cylindrical fuel elements to 
two principal reactor configurations is considered, The 
objective of the work is the design of research reactors suitable 
for radiation effects studies, 


Quantities as low | The Stokes flow problem for a class of axially 


symmetric bodies, L.. E. Payne and W. H. Pell, 
J. Fluid Mech. 7, Pt. 4, 529 (1960). 

This is a continuation of earlier work by the same authors. 
The methods of the generalized axially symmetric potential 
theory of A. Weinstein and certain representation theorems 
of L. Payne for the solution of repeated operator equations 
are applied to the solution of the Stokes (slow) flow about a 
spindle-shaped body. The stream function of the flow is 
found and an expression is given for the drag of the body. 


Elastic constants of synthetic single crystal corun- 
dum at room temperature, J. B. Wachtman, W. E. 
Tefft, D. G. Lam, R. P. Stinchfield, J. Am. Ceram. 
Soc. 48, No. 6, 334 (1960). 

The six elastic constants (and six elastic compliances) of 
corundum were determined in the kiloeyele/see frequency 
range by an accurate, resonance method. The results were 
checked in the megacycle/see range with a less accurate, 
pulse velocity method. The elastic moduli for polyerystal- 
line alumina calculated from the single erystal compliances 
determined by the resonance method are in good agreement 
with experimental values obtained on high density poly- 
crystalline alumina. The variation of Young’s modulus and 
of the shear modulus with orientation was calculated from 
the compliances and the results are shown graphically. The 
results of the present work do not agree well with previous 
work on single crystal sapphire. The specification of orienta- 
tion and the theory used to caleulate the elastic constants 
are given in detail to support the contention that the results 
of the present work are correct. 


Dewar system for low temperature experiments, 
C. T. Zahn, Rev. Sci. Instr. 31, No. 3, 328 (1960). 


A special system of glass Dewars for experiments at low 
temperatures is described in which the liquid nitrogen shield 
consists of two separate parts, one dipping into the other. 
The upper shield is constructed with three walls rather than 
the usual two, since it is open at the bottom. The extra 
inner wall serves to prevent the liquid nitrogen from flowing 
through the open bottom. The liquid helium Dewar fits 
fairly closely inside this extra wall, with a thin air-space 
between the two, and extends downward into the lower shield. 
The upper shield is thus mechanically isolated from the 
liquid helium Dewar. Access to a cold spot of the liquid 
helium flask is provided by a tube passing upward through 
the bottom of the lower shield and coupled to the liquid 
helium flask by means of a spherical ground-glass joint. 
Various advantages of this system and possible modifications 
thereof are discussed. 


The ionization potential of fluorine, J. T. Herron 
and V. H. Dibeler, J. Chem. Phys. 32, No. 6, 1886 
(1960). 

The ionization potential of fluorine was found to be 15.83 ev 
as measured by electron impact. Values for the ionization 
potentials of Cls, Bro, and the second ionization potentials 
of Cl, and Bry are also reported. 


Heat of formation of nitrogen trifluoride and the 
N-F bond energy, G. T. Armstrong, 5. Marantz, 
and C. F. Coyle, Commun. to Editor, J. Am. Chem. 
Soe. 81, 3798 (1959). 

By igniting mixtures of NF; with hydrogen over water and 
of NF; with ammonia, the heats of the following reactions 
were determined in a bomb calorimeter 


NF3(g) = H2(g) IN o(g) -3HF (aq, a=1) 
‘ AH;,— —859.0-+ 13.4 kj/mole 
-—205.3+ 3.2 keal/mole 
NF3(g) + 4NH3(g) =3NH,F (ce) + Nz(g) 
AH:,;= —1085.7+4.2 kj/mole 
— 259.5+1.0 keal/mole 
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The weighted mean heat of formation of NF; calculated from 
the above measurements is —29.7+1.8 keal/mole and the 
mean N-F bond energy is 66.4+0.8 kcal/mole. 


wien hg —— and internal rotation of ethyl 
cyanide, V. W. Laurie, J. Chem. Phys. 31, No. 6, 
1500 (1959) ‘ 

The microwave spectrum of ethyl cyanide has been studied 
in the region from 17-36 kMc. Both parallel and perpendicu- 
lar transitions have been assigned. Rotational constants 


(Me) for the ground vibrational state are dy)=—27663.30, 
bp = 4714.14, co=4235.14, Dzy=0.0035, Dox -0.0496, From 
Stark effects the dipole moment is calculated to be uwa=3.78 D, 


wp =1.38 D, w=4.02 D. Hyperfine splittings lead to a value 
of —3.3 Me for the quadrupole coupling of the N'* nucleus 
along the a-axis. Rotational transitions of molecules in 
several excited vibrational states have also been measured. 
A Coriolis interaction between the torsional mode and the 
in-plane CCN bend has been found and is discussed. Split- 
tings of transitions of molecules in the first excited torsional 
state show that the barrier hindering internal rotation of the 
methyl group is 3.05 keal/mole. 


Microwave spectrum of trans-crotononitrile, V. W. 
Laurie, J. Chem. Phys. 32, No. 5, 1588 (1960). 
trans—H;CCH=CHON has 


36 kMe. <A number 


and fitted with 
= 2195.22, 


The microwave spectrum of 
been investigated in the region from 13 
of parallel transitions have been measured 
the constants (Me) ap=38.. x 103, by =2297.05, co 
D;=0.3, x 10-3, Dyr=—12.6 x 10-3. Failure to resolve 
splittings from internal rotation of the methyl group implies 
a lower limit of 2.1 keal/mole for the internal barrier. 


Infrared emission spectra of gaseous B,O, and 
B.O., D. White, D. E. Mann, P. N. Walsh, and 
A. Sommer, J.. Chem. Phys. 32, No. 2, 481 (1960). 


The infrared emission spectra of gaseous B.O3 and B2Q» in 
the temperature range 1400-1800° K have been studied in 
the region 700-4000 em~-!. Distinet bands were found for 
natural B,O; at 2040, 1302, and 742 em~!, and the B'!’—B!! 
isotope shifts measured. From the isotope shift data and 


other considerations the BoO; molecule has been assigned 
a V structure having C.» symmetry. <A force constant 


analysis has been made and a frequency assignment is given 
from which thermal functions have been computed. The 
calculated force constants are consistent with the high stability 
of the molecule. Only one emission band of gaseous B2Qs, 
at 1890 em-!, has been observed. A linear Do, structure 
was assumed and a frequency assignment and thermal 
functions estimated, 


Infrared emission spectrum of gaseous HBO., 
D. White, D. E. Mann, P. N. Walsh, and A. Sommer, 
J. Chem. Phys. 32, No. 2, 488 (1960). 


The infrared emission spectrum of the vapor phase of the 
B,O;(1) —H2,O(g) system has been studied at elevated tem- 
peratures over the region 700-4000 em~!. Characteristic 
bands were found near 3680, 2030, and 1420 em™-!, and 
approximate B'!—B!! and H—D isotope shifts measured. 
It is shown that these bands arise from the molecule HBO». 
The intensity of the 2030 cm~! band was studied as a function 
of both temperature and water pressure. The intensity vs 
temperature measurements lead to a heat of formation, 
AH,°, of —135.0+3 keal/mole for HBO.(g). The spectro- 
scopic data, considered in the light of our analysis of the 
B.O3(g) infrared spectrum, are compatible with the structure 


-=B—O 
H 


in which the OBO group is linear and the H is off-axis. The 


force constants are found to resemble those determined for 
B.O3(g). Complete vibrational assignments are given for 


species which has 
Thermal func- 


HBO,.(g) and its trimer (HBO:)3(g), a 
recently been shown to exist in this system. 


tions have been computed for both molecules over a 
temperature range. 


wide 


A demonstration of color perception with abridged 
color-projection systems, C. S. MecCamy, Photo- 
graphic Sci. and Engr. 4, No. 3, 155 (1960). 


The way primary colors combine to produce colored pictures 
was demonstrated. The range of colors perceived when less 
than three primaries were used was attributed to the known 
psychological effects of induction by contrast, color constancy 
by discounting of the illuminant, and memory color, all of 
which were demonstrated. The reproduction characteristies 
of two-color systems were demonstrated and a direct com- 
parison was made between a two-color and a three-color 
reproduction of the same scene, 
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Determination of a general index of effort in sorting mail by 
conventional methods, 8. Henig, NBS Tech. Note 54 
(PB161555) (1960) 50 cents. 

A bibliography of the physical equilibria and related prop- 
erties of some cryogenic systems, T. M. Flynn, NBS Tech. 
Note 56 (PB161557) (1960) $1.75. 

Variable capacitor calibration with an inductive voltage 
divider bridge, T. L. Zapf, NBS Tech. Note 57 (PB161558) 
(1960) 50 cents. 

A survey and bibliography of recent research in the propaga- 
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The wavefront reversing interferometer, J. B. Saunders, Col- 
loquium on Optics and Metrology, Sponsored by the Inter- 
national Commission of Opties, Brussels, Belgium, May 
8-9, 1958, Published in Optics in Metrology, p. 227 
(Pergamon Press, New York, N.Y., 1960). 

Magnetoresistive effects in indium antimonide and indium 
arsenide, H. P. R. Frederikse and W. W. Hosler, Vol. 2, 
Pt. 2, of the book “Solid State Physics in Electronics and 
Telecommunications,” p. 651 (Academic Press, New York, 


N.Y., 1960). 


547 


| 


The NBS meteor burst communication system, R. J. Carpen- 
ter and G. R. Ochs, IRE Trans. Communs. Systems CS-7, 
263 (1959). 

Characteristic energy losses of electrons, L. Marton, L. B. 
Leder, C. Marton, and M. D. Wagner, Proce. 4th Internatl. 
Conf. on Electron Microscopy, September 1958, p. 281 
(Berlin, Germany, 1960). 

Radiation patterns of finite-size corner-reflector antennas, 
A. C. Wilson and H. V. Cottony, IRE Trans. on Ant. 
Prop. AP-8, 144 (1960). 

Heat sink method for measuring the cooling loads of refrig- 
erated structures, P. R. Achenbach and C. W. Phillips, 
Proc. 10th Intern. Congress of Refrigeration, August 1959, 
Copenhagen, Denmark (1959). 

A technique for gripping high-strength fabries during physi- 
cal tests, K. F. Plitt and L. A. Dunlap, ASTM Bull. No. 
246, 33 (1960). 

An analysis of an absolute torsional pendulum viscometer, 
EK. A. Kearsley, Trans. Soe. Rheology III, 69 (1959). 

Radio echoes from field-aligned ionization above the magnetic 
equator and their resemblance to auroral echoes, K. L. 
Bowles, R. Cohen, G. R. Ochs, and B. B. Balsley, Letter 
J. Geophys. Research 65, 1853 (1960). 

Measurement on the smoothness of paper, T. W. Lashof and 
M. Mandel, Tappi 438, No. 5, 385 (1960). 

Geomagnetic and solar data, J. V. Lincoln, J. Geophys. Re- 
search 65, 1639 (1960); J. Geophys. Research 65, 1821 
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